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Zusammenfassung
Im Rahmen dieser Doktorarbeit sind verschiedene optische Untersuchungen der diesel-
motorischen Verbrennung durchgefu¨hrt worden. Die Ziele dieser Untersuchungen sind
ein verbessertes Versta¨ndnis der grundlegenden Prozesse sowie die Identifikation von
Mo¨glichkeiten zur verringerten Schadstoffbildung.
Auf Basis der theoretischen Beschreibungen der relevanten chemischen, physikalischen
und kinetischen Prozesse des konventionellen Dieselprozesses werden Mo¨glichkeiten zur
Realisierung der teilvorgemischten Dieselverbrennung identifiziert und beschrieben. Diese
teilvorgemischten Verbrennungen ermo¨glichen unter anderen die Verringerung der inner-
motorischen Russbildung, was o¨konomisch, o¨kologisch und politisch von großer Relevanz
ist. Da die teilvorgemischte Verbrennung aber nur in begrenzten Betriebsbereichen re-
alisiert werden kann, bleibt der konventionelle Dieselprozess, bei dem die Russoxidation
im Zielkonflikt mit der Bildung von Stickoxiden steht, weiterhin relevant. Um sowohl die
teilvorgemischte Verbrennung als auch den Zielkonflikt der konventionellen Verbrennung
besser zu verstehen, beinhaltet die Arbeit zwei experimentelle Teile.
Im ersten Teil der experimentellen Arbeiten werden zwei Parametern zur Realisierung
der teilvorgemischten Verbrennung individuell und kombiniert untersucht. Diese Unter-
suchungen der versta¨rkten Zylinderinnenstro¨mung und alternativen Kraftstoffe ermo¨glicht
die Identifikation von bisher unbekannten Details sowie den Vergleich beider Prozesse
bezu¨glich ihrer Wirksamkeit zur Russbildungsvermeidung. Das wichtigste Ergebnis ist
hierbei, dass die innerzylindrische Russbildung bei entsprechenden Randbedingungen na-
hezu vollsta¨ndig vermieden werden kann.
Im zweiten experimentellen Teil dieser Arbeit wird die konventionelle Dieselverbrennung
bezu¨glich der entstehenden Flammentemperaturen mit einer neu entwickelten Messtech-
nik untersucht. Die Ergebnisse zeigen, dass die Temperaturen der dieselmotorischen
Flamme durch globale und lokale Parameter beeinflusst werden. Diese Ergebnisse sind im
Rahmen der Literatur neu, ko¨nnen aber im mit dem aktuellen Versta¨ndnis der grundle-
genden Prozesse erkla¨rt und plausibilisiert werden.
Final werden auf Basis der Erkenntnisse und weiterhin offen stehenden Fragestellungen,
Empfehlungen fu¨r weitergehende Untersuchungen aufgelistet, um das Versta¨ndnis der
dieselmotorischen Verbrennung in zuku¨nftigen Forschungs- und Entwicklungsprozessen
weiter zu verbessern.
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1. Introduction
The development of most energy conversion systems, such as internal combustion en-
gines, is driven by the combined requirements of economic viability, security of supply
and environmental protection. These requirements include for example the legislative
limitation of emissions from the combustion process in the sector of mobile propulsion.
Figure 1.1 shows the European emission legislation limits for passenger car diesel engines
from 1992 (Euro I) and 2014 (Euro VI). It can be seen that legislations like this limit
the emissions of unburnt hydrocarbons (HC), carbon monoxides (CO), nitrogen oxides
(NOx) and soot particles due to their impact on the environment1. Furthermore, it is seen
these legislations become more stringent over time. The combined limitation of particle-
and NOx-emissions of the diesel engine combustion especially results in challenging tasks,
which be will explained later. In parallel, the security of supply demands the simultaneous
improvement of efficiency and/or investigation of alternative, non-fossil fuel applications
as the fossil energy reserves are finite in availability.
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Figure 1.1: European emission legislation limits for passenger car diesel engines [1, 2]
The sum of requirements necessitates the continuous development and improvement of
energy conversion systems. Concerning internal combustion engine development, these
processes require the investigation and fundamental understanding of the fluid-dynamical
and physico-chemical processes inside the combustion chamber.
The aim of this thesis is enhancing the knowledge about the conventional and partially
premixed combustion of alternative fuels by the application of four different (laser-) op-
tical measurement techniques to two test benches. The understanding of the precise
foci of investigation requires a basic knowledge of the in-cylinder processes. Therefore,
the theoretical fundamentals are explained in chapter 2 prior to presenting the scope of
investigation in chapter 3.
1Euro VI also limits the number of emitted particles to 6*1011 particles/km [1, 2]
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2. Theoretical fundamentals
The theoretical introduction is separated into two parts. First, the fluid-dynamical and
physico-chemical fundamentals of the common diesel engine related mixture formation,
ignition and combustion process are explained. As this process suffers from the systematic
trade-off between soot oxidation and NOx formation, the second part of the introduction
describes modifications for decreased in-cylinder soot formation. These modifications
provide the theoretical basis for this work.
2.1 Diesel engine related mixture formation and combustion
In figure 2.1 the diesel engine related injection, mixture formation, ignition and combus-
tion of one exemplary spray cone is schematically shown for illustration. This conceptional
model is most dominantly derived from the investigations of Dec et al. [3] and the exten-
sions by Pickett and Siebers [4] and Idicheria and Pickett [5] and represents the current
understanding of the diesel engine related combustion process.
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Figure 2.1: Cut section of the conceptional model of the diesel engine related mixture
formation and combustion in steady-state
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2.1.1 Mixture formation
In general, a common diesel engine is operated with a quality-regulated, inner mixture
formation, ω-shaped piston bowl and a major in-cylinder flow-field motion rotating around
the cylinder centerline (swirl). This flow-field motion is generated during the intake
stroke and influenced by the intake port configuration [1, 2, 6]. The fuel is injected into
the combustion chamber around the end of compression. The spray cones individually
propagate through the combustion chamber in radial direction with a minor horizontal
bending to direct the spray cones into the piston bowl. The spray enters the combustion
chamber as a compact two phase-flow consisting of liquid fuel and cavitation spheres
[7–9]. The spray separates into individual droplets during primary break-up including the
cavitation sphere implosion [7,8]. At this point, the initial velocity can be estimated using
equation 2.1 [2, 10] whereas the injector flow coefficient αi and fuel density ρf can be
assumed to be constant in first approximation. Therefore, the initial spray velocity vinj
increases with injection pressure pRail .
vinj = αi
√
2 (pRail − pchamber)
ρf
(2.1)
with: vinj − Initial spray velocity
αi − Injector flow coefficient
pRail − Injection pressure
pchamber − Ambient gas pressure
ρf − Fuel density
The resulting velocity differences in the boundary layer between the injected fuel and
ambient air cause shear forces, which decelerate the spray velocity and enhance the
turbulent entrainment of ambient air [11–15]. As a result, the oxygen concentration within
the spray increases with radial distance to the injector nozzle as long as the oxygen is not
consumed by chemical reactions [16,17]. The oxygen concentration at a defined position
in the spray upstream of the reaction zones increases with rail-pressure if the increase in
air entrainment exceeds the increase in fuel supply due to increased rail pressure [18,19].
In addition, the air entrainment increases with the velocity of the in-cylinder flow-field
motion, which remains inside the piston bowl around top dead center of compression
(TDC) [20].
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During secondary break-up, the individual fuel droplets are affected by stabilizing fuel-
dependent surface tension forces and destabilizing aerodynamic forces, which increase
with spray velocity vinj. The ratio of these two forces is described by the Weber number
given in equation 4. A droplet is disintegrated by the aerodynamic forces if the corre-
sponding critical Weber number Wecrit = 10 - 12 is exceeded. Therefore, the maximum
stable droplet diameter ddmax can be described as a reciprocal function of the injection
pressure pRail as shown in equation 2.3. As many small droplets have a larger surface area
than few large droplets with the same volume, high injection pressure pRail is desirable
to achieve a rapid increase of contact surface between injected fuel and entrained air. In
case of sufficient boundary conditions, the fuel evaporates, which generates a fuel-rich,
inhomogeneous mixture around the tip of liquid penetration as seen in figure 2.1 [13,21].
We =
ρchamber (vinj − vffr)2 dd 2
σf dd
= Faero
Fsurf.
(2.2)
ddmax =
Wecrit σf ρf
2α2i ρchamber (pRail − pchamber)
(vinj >> vffr) (2.3)
with: We − Weber number
ddmax − Maximum of stable droplet diameters
ρchamber − Ambient gas density
vffr − Radial flow field velocity
dd − Droplet diameter
σf − Fuel surface tension
Wecrit − Critical Weber number = 10 - 12
2.1.2 Ignition
The chemical reactions start by hydrogen-abstraction or molecular breakdown [13, 22]
of the most fragile evaporated fuel component [10] in the mixture phase. As a result,
the physico-chemical ignition delay and therefore initial mixture formation time strongly
depends on the fuel composition and ambient conditions [16, 23–27]. Herein, the molec-
ular ignitability increases with chain length and decreases with increased branching and
cyclization further more [28]. However, long-chain molecules have a poor volatility during
evaporation [27]. Therefore, the first breakdown does not necessarily occur to the most
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fragile, but to the most fragile molecules that have already been evaporated. After break-
down, some molecular fragments can be highly reactive due to the unpaired electrons
(radicals) and trigger the following chemical reactions. The first detectable reactions are
characterized by the presence of the intermediate product formaldehyde CH2O [5, 29].
Due to the negligible heat-release, these early reactions are called cold flame or first-stage
combustion [29,30]. The second-stage combustion is characterized by an increased heat-
release due to the development of chain branching reactions, i.e. reactions that increase
the number of radicals [29, 30] e.g. H2O2 -> OH* + OH* [31], which appear within
the areas of CH2O formation [5]. Following the common definitions, the region of rapid
radical increase will be called partially premixed reaction zone (PPRZ) and all reactions
upstream of this zone will be titled cold flame as shown in figure 2.1 [29]. During ignition,
entrained oxygen is still available aside and downstream of the initial reaction kernels. Due
to the availability of oxygen, the first reactions can achieve rapid completion. The cor-
responding intermediate peak in heat release is detectable by heat release investigation
e.g. [32] or flame spectroscopy (see chapter 6.1) and is called premixed burn-spike [33].
2.1.3 Quasi-steady flame
In case of a developed and quasi steady-state flame, the evaporation [21] and thermal
breakdown of newly injected fuel is affected by the heat release of previous reaction
steps [34]. An additional parameter of influence is the turbulent mixing with residual
hot reaction products [10, 13, 35], radicals [10, 31, 34] and ambient air [36]. As the
mixture needs to be formed prior to the chemical conversion, the initial reaction zone
establishes at a defined distance to the nozzle [10, 16]. Due to the premixing and fuel-
rich environment [3, 12, 17, 34, 37], this zone is called partially premixed reaction zone
(PPRZ). Moreover, these reactions stop with partly oxidized hydrocarbons fragments due
to oxygen deficiency [13,17,34,37]. A part of these fragments is directly transported to the
flame surface and mixed with newly entrained oxygen. Therefore, a near-stoichiometric
diffusion flame develops around the complete downstream surface between the flame
and the ambient air [4, 13, 37–40]. The minimum axial distance between this surface-
surrounding near-stoichiometric diffusion flame [4] and the injector nozzle is called ”lift-off
length”[12,24,41–43]. By visualizing the spray perpendicular to the spray axis, the lift-off
length detection via OH* Chemiluminescence [4, 44, 45] (see chapter 6.1) gives a good
approximation of the PPRZ location [46]. The hydrocarbon fragments that exit the PPRZ
and do not approach the flame surface directly, propagate through the central region of
the flame. This region is separated into the soot precursor formation zone (SPFZ) [4,47]
followed by the soot formation zone (SFZ) [4, 48] as shown in figure 2.1.
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2.1.4 Soot formation
The formation of soot in the central region of the flame requires oxygen deficiency,
the presence of polycyclic aromatic hydrocarbons (PAH) and temperatures T≥ 1400 K
e.g. [2,17,47,49–51]. The oxygen deficiency is caused as the oxygen supply by ambient air
entrainment into the flame is cut off by the surrounding diffusion flame layer [4,10,17,37].
The required temperatures are achieved by diffusion of hot combustion products into the
inner part of the flame [4] and PAHs are delivered by the fuel (aromatic components) or
need to be formed previously [13,17,39,47,51] as their molecular structure is assumed to
act as a soot precursor [4, 16, 28]. Therefore, the size and shape of the SPFZ and SFZ
depend on the fuel composition and ambient boundary conditions [4, 17, 40].
PAH formation starts with the generation of acetylene C2H2 [52–55]. This molecule
reacts to benzene C6H6 and aromatic ring formations by various kinetic pathways due
to the availability of reaction partners [52–55]. These early PAH formation processes
are in competition with oxidation processes of hydrocarbon fragments by for example
OH* [17]. Therefore, the formation of PAH and soot is expected to fluctuate due to the
turbulent air-entrainment upstream of the PPRZ. Major air entrainment leads to a leaner
mixture and therefore to a smaller size of hydrocarbon fragments available for PAH and
soot formation. First PAH formations are already detectable in the region of first-stage
combustion [32].
The process from PAHs to soot particles includes nucleation, surface growth, agglomera-
tion and coalescence of PAHs [4, 14, 31, 49, 55]. Agglomeration generates chain-like soot
particles [17, 39, 39, 56]. Coalescence, which occurs parallel to agglomeration, generates
single spherical particles [39]. These processes significantly decelerate with decreasing
temperature, which explains the required temperatures of T ≥ 1400K for soot forma-
tion [29, 52]. Due to the fact that PAH formation starts with the triple-bound molecule
acetylene, the presence of carbon-carbon double (or triple) bounds in the fuel molecule
enhances the acetylene formation [43] and in consequence the PAHs and soot forma-
tion [4, 43]. Moreover, the sooting tendency at common diesel engine related boundary
conditions increases with the amount of aromatic fuel components [4, 16, 28, 29, 57] and
the size of the initial aromatic molecules [47,58]. The soot concentration inside the SFZ
increases with axial distance to the nozzle [39] due to the time required for agglomera-
tion [34, 42]. However, at quiescent conditions the maximum soot concentration is not
necessarily located at the center-line of the spray if the adiabatic flame temperatures in
the center-line initial soot formation region does not exceed T =1400K [4]. Therefore,
the soot particle structure and size depend on fuel composition, agglomeration time and
ambient conditions [59]. Of course, PAH are also present inside the SFZ [5]. The soot
particles achieve a size of d = 20-70 nm within the SPFZ [17].
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2.1.5 Soot oxidation and NOx formation
As soon as the soot precursors, soot particles and residual hydrocarbon fragments are
transported to the vicinity of the flame surface, they are oxidized in the surrounding diffu-
sion flame as long as the ambient conditions exceed the thermodynamical borders of reac-
tivity [13,40]. Therefore, the engine-out soot emissions result from the overall competition
between soot-formation and -oxidation [26, 36, 39, 51, 60]. Furthermore, in-cylinder soot
sampling measurements show a temporal development toward crystalline soot structures
with increasing time after TDC [59]. This can be explained by enhanced oxidation of amor-
phous soot and higher oxidation resistance of crystalline soot structures [61]. The simul-
taneous diffusion processes can qualitatively be described by the Flamelet-model, which
describes an infinitely fast, diffusive, single-step reaction [46, 62]. Figure 2.2 shows the
resulting relative concentrations of fuel, oxygen, combustion products and temperatures
as a function of mixture fraction Z = mfuel
mfuel+moxygen
. It can be seen that the fuel and oxygen
are consumed at the stoichiometric (Z = Zst i.e. λ=
available air mass
required air mass for complete oxidation
= 1)
diffusion flame layer and the relative concentration of theses species decreases by ap-
proaching Zst due to dilution with combustion products. Moreover, the peak flame tem-
peratures are achieved at Z = Zst due to exothermic heat of oxidation.
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Figure 2.2: Qualitative illustration of the diffusion processes during oxidation using the
Flamelet-model (included assumptions are described in [46, 62])
The diffusion-layer of a real flame can be assumed to be very thin [13], due to immediate
conversion as a result of high ambient temperatures and pressures. Therefore, the near-
stoichiometric oxidation of hydrocarbon fragments, PAHs, soot-precursors and -particles
can generate diffusion flame surface temperatures of Tsurf =2500 - 3000 K [13, 37, 39].
These temperatures are sufficient for the thermal decomposition of triple-bound ambient
nitrogen [63], which results in nitrogen oxide NOx generation most dominantly following
the Zeldovich mechanism [37–39,47]. The rich part of the premixed combustion reactions
does not contribute to NOx formation significantly, due to the limited exothermic heat
release [39] and the deficiency of ambient nitrogen and oxygen [3, 64].
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In order to decrease the engine out NOx-emissions, the peak temperatures of the flame-
surface and therefore thermal NOx-formation can be decreased by increased inert gas
concentration inside the combustion chamber using exhaust gas recirculation (EGR)
e.g. [26, 36, 39]. Before ignition, the increased heat capacity of EGR-enriched gas causes
lower end of compression temperatures [65]. After ignition, the reduced oxygen availabil-
ity decreases the conversion-rate, heat-release and adiabatic flame temperature during
combustion. However, the reduced availability of oxygen during EGR operation dimin-
ishes the soot-oxidation at the flame-surface during common diesel combustion [36,39,66]
and can also enhance soot-formation at unfavorable boundary conditions [67]. Moreover,
soot-oxidation is limited in time due to transient ambient conditions inside the combustion
chamber [43]. The resulting systematic trade-off between in-cylinder soot-oxidation and
NOx-formation [28,34] is one of the major problems of the common diesel engine related
combustion process, as both emissions are limited by legislation (see figure 1.1). Exhaust
gas after-treatment systems are expensive and can require frequent regeneration, which
deteriorates the overall efficiency. Therefore, it is of major interest to find measures for
mitigating the in-cylinder soot-NOx trade-off.
2.2 Alternative diesel engine related combustion process
The diesel engine related trade-off between soot-oxidation and NOx-formation can be
mitigated by reduced or avoided soot-formation. Basically, this can be achieved in two
ways. Firstly, soot formation can be avoided by decreasing the flame core temperature
to T< 1400 K e.g. [4, 34, 52], which retards the PAH formation [52] and decelerates the
agglomeration processes [52]. The disadvantage of these so called low temperature com-
bustion (LTC) processes is the fact that minor temperature deviations can result in the
formation of micro-particles, which are assumed to be more harmful to health due to their
deeper respiratory penetration [52]. Secondly, soot formation can be avoided by decreas-
ing the equivalence ratio in the PPRZ to Φ< 2 (i.e. λ> 0.5) e.g. [12,34,41,52,68]. These
so-called partially premixed combustion (PPC) processes decrease the size of hydrocar-
bon fragments exiting the PPRZ that are required for aromatic and PAH formation [52].
Depending on which of these two mechanisms is assumed to be more important, some
authors use the term LTC [60] or PPC [69] for fairly the same operation. Due to the
fact that most measures to achieve LTC also influence premixing, PPC will be used as an
umbrella term for all alternative combustion processes in the context of this study.
At the moment, the utilization of PPC in a wide operation range is limited due to noise,
operation stability or required premixing [66]. As these limitations currently require con-
ventional operation at full-load [17], it is of major importance to understand the physico-
chemical measures to achieve PPC operation.
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Modified injection strategies
Advanced injection timings
Retarded injection timings
Multiple injections
Modified air-entrainment
Increased flow-field motion
Decreased nozzle-hole diameter
Increased rail-pressure
Modified end-of-compr.conditions
Cooled exhaust-gas recirculation
Variable intake valves close
Variable compression ratio
Modified fuel properties
Gasoline related fuels
Increased aromatic fuel content
Oxygenated or tailor-made fuels
Figure 2.3: Classification of measures for decreased in-cylinder soot-formation
(soot-oxidation not considered)
Figure 2.3 shows a classification of the technical measures for decreased soot-formation
that have been published in the literature. It can be seen that these measures can be
separated into the classes of modified injection strategy, - end-of-compression conditions
- air entrainment, and - fuel properties. Obviously, the soot-formation inhibition in a wide
operation range requires the combination of different measures, whereas some combina-
tions such as advanced or significantly retarded injection timings and high rail-pressures
(with standard targetings) can cause severe engine damage by oil-dilution [70]. More-
over, some combinations have already been branded with their own abbreviations such
as the UNIform BUlky combustion system (UNIbus) [71], Narrow Angle Direct Injection
(NADI) [72] or Modulated Kinetics combustion (MK) [73, 74]. A comprehensive list of
the most important abbreviations and included measures can be found in [65]. However,
a simple comparison of these branded operation modes does not provide a systematic
insight into the physico-chemical fundamentals due to reciprocal effects of different mea-
sures. Therefore, the individual measures will be explained individually following the above
classification.
2.2.1 Modified injection strategy
The major aim of modified injection strategies is increasing the ignition delay by avoid-
ing ambient conditions feasible for self-ignition during injection [73, 74]. The increased
mixture formation time results in an increased equivalence ratio in PPRZ. The ignition
delay can be increased by advancing or retarding the injection timing in comparison to
the common diesel engine related process. The required shift of the injection timing to
achieve a certain soot inhibition increases with fuel reactivity.
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Advanced and/or multiple injection timings
With advanced injection timings the fuel is injected into the combustion chamber during
(early) compression [69] [72]. Therefore, the injection can be completed prior to the start
of ignition. The resulting homogenization can provide soot and NOx free combustion like
e.g. HCCI operation. However, the lower piston position and decreased in-cylinder gas
density results in increased liquid spray penetration with common rail-pressures [21]. The
increased liquid penetration in combination with standard spray targetings increases the
probability of liquid wall impingement [15,25,39,65,66,68,75] causing oil dilution [70,76],
decreased efficiency and increased HC emissions [15, 76] due to fuel trapped in the fire
land or squish area [65, 66, 69]. The liquid impingement can be limited on the piston
surface by design modifications of the spray targeting [15, 69, 72, 75–77]. The modified
spray targeting centers the combustion in the piston bowl and can therefore decrease
heat transfer losses [69]. However, the accumulation of liquid fuel in the piston bowl
can also cause abnormal combustion processes such as pool-fire [75] or film surface com-
bustion [76, 77]. Moreover, these narrow-angle targetings are undesirable for common
full-load operation [72, 75, 78, 79] due to impaired air utilization. Additionally, HC and
CO emission also derive from increased mixture dilution prior to ignition [15, 25, 68, 76]
and impaired late oxidation due to decreased ambient temperatures in this operation
mode [26]. One of the major disadvantages is the decoupling of injection and ignition.
Therefore, self-ignition with early injection strategies (sometimes comparable to HCCI
operation) is strongly dependent on chemical kinetics, which causes challenging combus-
tion control in transient operation [33, 65, 68, 79–81]. This problem can be mitigated by
the application of split-injections [69, 82], where the final injection is used as trigger for
ignition [82]. However, overmixing of the first injection causes significant HC emissions
and is therefore undesirable [66]. Moreover, an ignition of the first injection influences the
combustion of the second one, which increases the difficulty in understanding physico-
chemical correlations. [82, 83]
Retarded injection timings
Alternatively, retarded injections during early expansion have been investigated by e.g.
[26,73,76,84,85]. It is shown that retarding the injection after TDC provides an increased
mixture formation time [73, 84, 85], decreased flame temperature [84] and quenching of
NOx formation reactions due to expansion [26, 81]. Nevertheless, the retarded injection
strategy can result in significantly decreased engine efficiency [26, 86] due to incomplete
oxidations [73, 81], increased risk of misfiring cycles [21, 84] and less efficient thermody-
namic process-cycle [1, 2]. The application of advanced and retarded injection timings
provides a lean global mixture by the first injection and a stratification by the second one.
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2.2.2 Modified air entrainment
Increased turbulent air entrainment
The turbulent entrainment of air into the mixture phase is caused by the shear forces
in the boundary layer between spray and ambient air caused by their velocity difference.
Following equation 2.1, the turbulent air entrainment can be enhanced by increased rail-
pressure [12,33,80,85,87,88]. Moreover, a decrease in nozzle orifice diameters decreases
the relative volume of each spray cone and therefore provides a faster decrease in local
equivalence ratio [12, 34]. The combination of decreased nozzle hole diameters and in-
creased rail-pressure allows the same mass of injected fuel per time unit. However, the
decreased momentum as a result of decreased nozzle hole diameters results in decreased
spray propagation and therefore impaired air-utilization [34] and full-load capability. Ad-
ditionally, the air-entrainment can be influenced by the piston bowl geometry as shown
by Su et al. [68].
Increased flow-field velocities
A second option to increase air-entrainment can be achieved by enhancing the in-cylinder
flow-field by e.g. filling port deactivation [83]. However, this measure is only beneficial
as long as the operation point dependent oxygen supply is not impaired by filling port
deactivation [83]. Moreover, increased in-cylinder flow-field velocities can be used to
improve mixture homogeneity if the injection is finished prior to ignition [74]. Due to the
fact that the flow-field velocity is orders of magnitude slower than the spray velocity (see
equation 2.3), the change in local flow-field velocity does not influence the generation of
turbulent shear vortices significantly but improves the soot oxidation due to convective
swirl mixing [89].
2.2.3 Modified end-of-compression conditions
High amount of (cooled) EGR
The application of aggressive (and cooled) exhaust gas recirculation (EGR) is widely used
to achieve LTC or PPC operation [15, 33, 34, 39, 47, 60, 69, 72, 77, 87, 90, 91]. Moreover,
a shift from common to premixed operation by EGR variation is frequently found in the
literature [11, 47, 60, 66, 67, 77, 91, 92]. The mixture formation and combustion are influ-
enced in two ways. Firstly, the EGR enriched air provides a higher heat capacity, which
decreases the end of compression gas temperature [60, 65]. Therefore, the first thermal
breakdown reactions are retarded. It has been shown by Idicheria et. al [29] that the cold
flame reactions are relatively unaffected by EGR variations. However, the distance from
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the nozzle to the PPRZ and therefore the lift-off length increases with EGR [29], which
indicates that the chain branching reactions are affected by decreased ambient oxygen
concentration. Therefore, EGR operation provides increased air entrainment upstream of
the PPRZ if the effect of increased lift-off outweighs the effect of decreased ambient oxy-
gen concentration [29,34]. Secondly, the combustion processes at steady-state conditions
are decelerated by decreased ambient oxygen availability. The decreased conversion rate
as well the increased heat-capacity provide decreased peak flame-surface and therefore
flame-core temperatures. In consequence, the operation with aggressive EGR allows soot
formation inhibition even with an equivalence ratio of Φ> 2 [36] due to decreased flame
core temperature [11]. Therefore, soot formation inhibition does not necessarily require
complete decoupling of injection and ignition [36]. Still, high EGR operation can only
be applied efficiently in a limited operation range due to the required time for complete
conversion with decreased conversion rate [29]. Otherwise, high EGR concepts will suffer
from increased HC and CO emissions and deteriorated efficiency [11, 90, 92].
Decreased effective compression ratio
A second measure to modify the end-of-compression conditions is operation with a de-
creased effective compression ratio or decreased intake temperatures [12, 34, 77, 79, 87].
The decreased compression can be achieved by constructive modifications of e.g. the
piston bowl geometry [60] or by late intake valve closing [66, 68, 72]. Decreased intake
temperatures alone are not sufficient to achieve LTC or PPC operation. However, the
LTC or PPC operation range can be increased by decreased intake temperature [19].
Moreover, a variability in compression could be used to adapt the end-of-compression
conditions to the corresponding operation point. However, there has been no publication
found that applied such measures for the purpose of increased PPC operation range.
2.2.4 Modified fuel properties
Gasoline fuels
The application of gasoline fuels to the diesel engine related combustion process provides
benefits due to their higher volatility [60] and increased self-ignition resistance [27]. Both
effects result in an increased mixture formation time prior to ignition, faster conversion
due to improved homogenization and therefore a possibility of higher inner efficiency [69].
However, the higher energy required to achieve self-ignition of gasoline fuel [65] is critical
in idle or cold-start operation due to operation stability [66] and increased HC and CO
emissions [93]. Additionally, the ignition of high octane fuels (RON95) is also crucial in
upper part-load operation of IMEP< 10 bar [69]. Consequently, only gasoline fuels with
RON< 70 are feasible for common diesel engine related boundary conditions [94].
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Increased aromatic content
At common boundary conditions it is widely known that the sooting tendency increases
with aromatic fuel content [4, 16, 28, 29, 57] as the presence of aromatic molecules en-
hances the formation of polycyclic aromatic hydrocarbons (PAH), soot precursors and
therefore soot [4, 16, 28]. However, at PPC conditions the sooting tendency can be de-
creased by increasing the aromatic fuel content [66, 75]. This is based on the fact that
cyclic molecules are more resistant to self-ignition than non-cyclic molecules [28], which
decreases the fuel ignitability and therefore increases the mixture formation time prior to
ignition [67].
Tailor-made fuels
The application of tailor-made fuels, which are specially designed or blended concerning
their physico-chemical properties, provide an additional degree of freedom for engine de-
velopment and new opportunities for PPC application. For example, the application of
oxygenated molecules decreases the demand for air entrainment upstream of the PPRZ.
In combination with variable injection timings only a minor injection advance is required
to achieve the desired premixing [66] while keeping center of combustion [67] and com-
bustion controllability constant. In addition, fuels with decreased reactivity and increased
volatility do not achieve significant benefit from increased rail-pressure concerning soot
formation inhibition, which would allow decreased rail-pressure or increased nozzle hole
diameters and therefore decreased parasitic losses [60, 93]. Furthermore, it has been
shown by Mueller et al. [43] that the molecular oxygen position is an important factor
for soot formation inhibition. Here, central oxygen positions such as ether molecules
are assumed to be very favorable for soot formation inhibition due to their direct and
probably stable contact to two neighboring carbon atoms [28]. Additionally, a central
oxygen position decreases the maximum length of hydrocarbon fragments after molecular
breakdown. Consequently, the soot formation is hindered by the decreased size of hydro-
carbons available for PAH and soot formation. However, the combination of oxygenated
fuels and other measures for soot formation inhibition can limit the requirement for fuel
oxygenation and therefore remain the specific heat value at reasonable levels [52].
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It is known that the systematic trade-off between soot-oxidation and NOx-formation
at the diffusion flame layer is one of the major problems of the common diesel engine
combustion e.g. [28,34]. This problem can be mitigated by decreasing the soot-formation
in first place. Physico-chemically, this can be achieved by increasing the stoichiometry
inside the partly premixed reaction zone to λ> 0.5 [12, 34, 41, 52, 68] and/or decreasing
the flame core temperature to T< 1400 K [4, 34, 52]. Technically, this can (partly) be
achieved by the measures described in chapter 2.2 and listed in figure 2.3. However, it is
also known that these measures are only feasible for a limited operation range [66,68] due
to noise, operation stability or required premixing [66]. In consequence, the conventional
combustion process that suffers from the soot-NOxtrade-off stays relevant for full-load
operation.
Due to this background, the experimental investigations in this thesis are separated into
two major parts as shown in figure 3.1. The first three experimental investigations are
focused on the individual and combined investigation of increased flow-field motion and
alternative fuels for the purpose of decreased soot formation. The fourth experimen-
tal investigation aims to improve the understanding of the parameters influencing the
flame-surface temperature, which directly influences the soot-NOxtrade-off in common
operation.
The flow-field investigations in chapter 7.1 are performed at an optically accessible single-
cylinder diesel engine (OSCE) (see chapter 5.2). Here, the in-cylinder flow-field motion
is varied by deactivation of the filling-intake-port, while the tangential-intake-port stays
activated. This variation influences the local velocities, temporal development and cyclic
reproducibility of the in-cylinder flow-field. These differences are investigated during early
compression by a state-of-the-art high-speed particle image velocimetry (HSPIV) (see
chapter 6.2) and during early expansion by a newly developed structural image recognition
algorithm SIRA (see chapter 6.4).
The initial fuel characterization experiments in chapter 7.2 are conducted at steady-
state but engine relevant boundary conditions inside of a high-pressure chamber test-
bench (HPC) (see chapter 5.1). The simultaneous application of a light transmitting and
spectroscopic measurement technique (see chapter 6.3) provides information about the
fuel dependent mixture formation, ignition delay, lift-off and flame propagation. These
information are a first indicator for the soot formation tendency of these fuels. Moreover,
the investigation of ignition stability shows if the corresponding molecule can be used in
part-load operation, which is the basis for the selection of candidate molecules for the
main engine experiments.
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PARTIALLY-PREMIXED COMBUSTION - (DECREASED SOOT-FORMATION)
COMMON COMBUSTION PROCESS - (SOOT OXIDATION)
Flow-field investigations
in variation of filling-port deactivation
concerning: Flow-field velocities
Spatial homogeneity
Temporal development
Cyclic reproducibility
Fuel characterization
at steady-state boundary conditions
concerning: Mixture formation
Physico-chemical ignition
Flame propagation
Sooting tendency
Main engine experiment
in variation of fuel composition and filling-port deactivation
at defined operation point
with: Simulated EGR
Continuous operation
Constant center of combustion
concerning: Physico-chemical ignition
Flame propagation
Soot formation and oxidation
Stoichiometric stratification
Flame-surface investigation
using the newly developed combination of measurement techniques called S3P
at steady-state boundary conditions
with: 10.000 Images/sec.
16 Pixels/mm2
Double redundancy
concerning: Flame-surface temperature
Flame-surface topology
Flame-surface emissivity
Temporal development
Figure 3.1: Outline of the experimental investigations in this thesis
The main experiment at the OSCE in chapter 7.3 combines the effects of varied flow-field
motion and injected fuel. These experiments are performed with numerous measures
to improve the comparability to a full-metal engine (see chapter 5.2) and the simulta-
neous application of two spectroscopic measurement techniques provides detail insight
into the ignition, flame development and stoichiometric stratification. Therefore, these
experiments will be used to weigh up the effectiveness of increased flow-field motion and
alternative fuels concerning decreased in-cylinder soot-formation against each other.
Finally, the investigations in chapter 7.4 are performed to investigate the flame-surface
temperature, which directly influences the soot-NOxtrade-off at the diffusion flame layer.
For this purpose a new combination of measurement techniques has been developed,
which allows a double-redundant quantification of surface-temperature, -topology and
-emissivity of an optically opaque diesel flame (see chapter 6.5). Therefore, these re-
sults will be used to identify new parameters influencing the flame surface-temperature.
To summarize, this thesis provides a comprehensive investigation of mixture formation,
ignition, flame propagation and soot oxidation of the diesel engine related combustion.
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4. Investigated fuels
In order to validate the effect of fuel composition and fuel properties on the diesel engine
related combustion, several fuels need to be investigated. A list of the investigated fuels,
the most important physiochemical properties and the number of the chapter, in which
the corresponding fuel is investigated is provided in table 4.1. The molecular structures
of the fuels are shown in figure 4.1.
Table 4.1: Properties of the investigated fuels [95–98]
Heating Cetane Oxygen Viscosity Molecular Chapt.
value number content at 40°C formula
Unit MJ/kg - m-% mm2/s -
Diesel 42.9 53 0.14 3.56 - 7.2, 7.3
n-decane 44 78 0 0.89 C10H22 7.2, 7.3
n-heptane 41.9 54.4 0 0.36 C7H16 7.2, 7.3
n-dodecane 43.8 80 0 1.42 C12H26 7.2
n-tetradecane 47.3 96 0 2.08 C14H30 -
1-decanol 38.9 50 10.3 8.33 C10H22O 7.3
1-octanol 38.2 39.1 12.3 7.29 C8H18O 7.2
di-n-butylether 38.2 100 12.3 0.74 C8H18O 7.2
2-methyltetra-
hyrdofuran
33.5 <15 18.6 0.48 C5H10O 7.2
butyl-
levulinate
27.9 <15 27.5 2.0 C9H16O3 -
It is seen that the fuel matrix includes alkanes, alcohols, an ether, a furan derivate and a
higher oxygenated fuel called butyl-levulinate. Therefore, the comparative investigation
of these fuels allows the determination of various molecular effects on diesel engine re-
lated mixture formation and combustion process. Firstly, the alkane comparison provides
information about the effect of the molecular chain length. (n-tetradecane is only used
as a blend component). Moreover, table 4.1 shows that n-heptane is closely comparable
to diesel in terms of heating value, cetane-number and oxygen content. In consequence,
n-heptane has been used as a diesel surrogate in the literature e.g. [37,99,100]. However,
it is known that diesel fuels contain aromatic fuel components, which influence the soot
formation process significantly (see chapter 2.1.4 and 2.2.4) [4, 16, 28, 29, 57].
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Figure 4.1: Illustration of the investigated molecules
Therefore, the comparison of Diesel and n-heptane can be used to investigate the influ-
ence of aromatic fuel components. Besides this, the effect of molecular oxygenation is
investigated by the comparison between n-decane and 1-decanol as these two molecules
only differ by one additional oxygen atom as shown in figure 4.1. Furthermore, the impor-
tance of the molecular oxygen position [15] is shown by the investigation of 1-octanol and
di-n-butylether. Both molecules are identical in the number of included carbon, hydrogen
and oxygen atoms but differ in the molecular structure as seen in figure 4.1.
Table 4.2: Properties of the investigated fuel blends [96]
Heating Cetane Oxygen Composition Chapter
value number content
Unit MJ/kg - m-% vol%/vol%
BLT 32.1 33 20.6 butyl-levulinate 7.2, 7.3
tetradecane (70/30)
MTDBE 1 32.5 30 15.5 di-n-butylether 7.2
2-MTHF (30/70)
MTDBE 2 35.9 ∼ 25 15.3 di-n-butylether 7.2
2-MTHF (50/50)
Additionally, the fuel matrix includes the first two diesel engine related candidate compo-
nents from the first period of the cluster of excellence ”Tailor-made fuels from biomass”
TMFB (i.e. butyl-levulinate and 2-methyltetrahydrofuran) [96]. Table 4.1 shows that
both molecules have a cetane-number below 15 due to the circular structure of 2-MTHF
and the stable carbon-oxygen double bounds of BL, which impedes the self-ignition in
lower part-load operation [96]. Therefore, both molecules are blended with 30 vol% of
a highly reactive molecule to achieve ignition in part-load operation. The properties of
the resulting fuel blends are shown in table 4.2. The comparison between the blend-fuels
and the alcohols will show the coupled effect of increased oxygenation and decreased
reactivity [52].
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The experimental investigations of fuel dependent mixture formation, ignition and com-
bustion have been conducted at a continuously scavenged high-pressure chamber and an
optically accessible single-cylinder diesel engine. Both test benches are described in the
next two sections, followed by the description of measurement techniques in chapter 6.
5.1 Continuously scavenged high pressure chamber (HPC)
The HPC is a test bench for optical fuel characterization experiments at steady-state
boundary conditions that exclude cross effects from gas-pressure, -temperature and charge
motion transiency. An illustration of this test bench is given in figure 5.1. In operation
a continuous volume flow of V˙min = 50
mn
3
h
pressurized air is entered at the bottom side
of the chamber and heated electrically by two cartridges in the lower test bench section.
Within the measurement volume, ambient temperatures and pressures of Tmax = 1000 K
and pmax = 140 bar can be generated. This allows the simulation of boundary conditions
representative for full- and part-load operation of a common passenger car diesel engine
[34]. The measurement volume is accessible from all four horizontal sides. At three
sides of the measurement volume, circular quartz glass windows with a visual field of
dwindow = 127 mm can be mounted. Therefore, various measurement techniques based
on light transmission, scattering and emission can be applied as described in chapter 6.
At the fourth side of the measurement volume, a series production injector equipped with
an evenly distributed 3-hole nozzle is applied inside a tailor-made holding device. The
3-hole nozzle design is required to avoid optical overlay of neighboring spray cones in all
relevant perspectives. Moreover, the even nozzle hole distribution avoids needle tilting
during injection. The injector holder is designed to direct the investigated spray cone
diagonally through the measurement volume. Therefore, the penetration, evaporation,
mixture formation, ignition and combustion of the investigated spray cone is visible along
the complete diameter of the window mounted perpendicular to the injector holder.
The operational advantage of this HPC test bench in comparison to constant volume
combustion vessels used by [14, 24, 25, 57] and the group at Sandia national laboratories
e.g. [4,29,30,34,36,41–43] is the continuous scavenging. This continuous mass transport
through the HPC test bench allows an injection frequency of finj = 0.1 Hz without com-
bustion product enrichment within the measurement volume. Therefore, a fast acquisition
of numerous injections and combustions can be achieved, which is the basis for proper
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Figure 5.1: Illustration of the continuously scavenged high-pressure chamber in cut-section
statistical post-processing, which are important for the investigation of instable operation
conditions. Moreover, the large measurement volume (approximately 7.5 times larger
than the volume of the Sandia vessel) decreases the cross-effect of increasing pressure
during combustion described by Higgins and Siebers [42].
5.2 Optically accessible single-cylinder diesel engine (OSCE)
The engine related fuel investigations have been conducted at an optically accessible
single-cylinder diesel engine (OSCE). The engine data of the OSCE and the corresponding
thermodynamical single-cylinder diesel engine (TSCE) are given in table 5.1. It can be
seen that both engines are very comparable due to the identical bore, stroke and injection
system. Moreover, both engines are equipped with identical intake port geometries, which
allows the variation of the in-cylinder flow-field by deactivating the filling intake-port
as shown in [67, 78, 101, 102]1. Therefore, thermodynamically pre-optimized operation
points can be adapted to the OSCE, which allows optical investigations of the in-cylinder
processes at defined operation points and constant center of combustion [66, 95].
1This procedure is less time-consuming than changing the complete cylinder head, which has been done by [50].
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Table 5.1: Comparison between the TSCE and OSCE
Thermodynamical Optically accessible
single-cylinder single-cylinder
diesel engine diesel engine
Displacement 390 cm3 390 cm3
Stroke 88.3 mm 88.3 mm
Bore 75 mm 75 mm
Effective compr.ratio 15 10
Valves per cylinder 4 4
Maximum rail-pressure 2000 bar 2000 bar
Maximum cylinder-pressure 250 bar 100 bar
Injector nozzle 8 x 153° 8 x 153°
Hydraulic flow @ 100bar 310 cm3 / 30s 310 cm3 / 30s
On the left side of figure 5.2 an illustration of the OSCE is shown, in which the major
modifications for optical accessibility are highlighted in red. The upper highlight shows
one of three window cassettes that provide horizontal access to the combustion chamber
directly below the cylinder head. These cassettes are applied if external light or laser-
light illumination is required for measurement techniques such as HSPIV (see chapter
6.2). Otherwise, the cassettes are replaced by full-metal parts. Nevertheless, the fire-land
height is increased, like in [43,75,91], to avoid the direct contact between the piston rings
and the inner surface of the window cassettes.
The light that is scattered from external illumination and/or emitted by the combustion
can partly exit the combustion chamber through the transparent quartz-glass piston bowl
shown on the right side of figure 5.2 in cut-section. It can be seen that this bowl has
a realistic ω-shaped top surface geometry and a concave bottom surface geometry to
increase the field-of-view inside the combustion chamber. Due to this geometry, the
piston bowl optically acts like a lense and the reciprocating piston movement causes an
optical distortion that changes with piston position. In order to avoid this fluctuant
distortion, most authors applied bowls with plane or simplified top surface geometries
[14, 16, 21, 30, 33, 43, 50, 51, 58, 75, 78, 80, 82, 84, 87, 91, 103–105]. However, the piston
surface geometry is important for the in-cylinder mixture formation and combustion,
which is impaired by unrealistic geometries [20]. Therefore, the piston geometry used
here improves the comparability between the TSCE and OSCE. Comparable designs of
transparent piston bowls are found in [19, 26, 76, 89]. After passing the piston bowl, the
light can exit the engine by reflection on the mirror that is externally held in the clearance
of the elongated piston. The field of view is illustrated in the lower right of figure 5.2.
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Figure 5.2: Illustration of the optically accessible single cylinder diesel engine and enlarged
illustrations of the elongated piston and of the piston bowl cut-section
The described design modifications for optical accessibility result in four major conse-
quences for the operation of optically accessible engines like the OSCE. First, engines like
this are generally limited to part-load operation [10,14,16,18,30,33,43,50,51,58,64,75,
76, 82, 84, 105–108]. The OSCE is limited to nmax = 1500 rpm due to the increased mass
and flexibility of the elongated piston and IMEPmax = 10 bar in order to avoid equipmental
damage of the optical components.
Secondly, optical engines can only be operated for a limited number of firing cycles
before soot deposits impair the optical accessibility. Therefore, many authors apply skip-
fired operation (i.e. one injection cycle followed by multiple cycles in motored oper-
ation without injection) in order to decrease the load and fouling of optical compo-
nents [16, 19, 26, 33, 43, 58, 59, 75, 76, 83, 84, 91, 106–110]. Sometimes the replacement
of one exhaust valve for additional optical access also requires skip-fired operation due
to the impaired gas exchange [21, 33, 84, 107]. However, realistic engine operation is
characterized by high in-cylinder surface temperatures due to continuous operation [10].
Moreover, residual gas of the previous cycle that might include radicals significantly af-
fects the ignition process as well [103]. Consequently, skip-fired operation during optical
measurements significantly impairs the comparability to thermodynamical investigations.
Therefore, the OSCE is operated for 100 successive cycles in order to achieve comparable
in-cylinder surfaces and more realistic in-cylinder conditions influenced by residual gas of
previous cycles. The first 30 cycles are required for thermal operation point stabilization
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and therefore excluded from data post-processing. The fouling of the optical components,
even with highly sooting fuels such as n-decane, has been shown to be acceptable. Equip-
ment damage during this operation did not appear. Nevertheless, the lubricant oil and
cooling water still need to be conditioned to T = 90 °C before starting the experiment.
Continuous operation is also found in [10, 78, 103].
Thirdly, the increased number of sealing surfaces, increased fire-land height and decreased
stiffness of the elongated piston results in a decreased effective compression ratio of op-
tical engines [91]. Furthermore, the effective compression ratio of the OSCE used here is
also influenced by minimized lubrication between the liner and the piston rings to avoid
staining of optical components by oil droplets during preparation and measurements [16].
Consequently, the OSCE achieves an effective compression ratio of 10, which is very
comparable to the SCOPE engine at Sandia national laboratories [21, 30, 33, 84, 87, 107].
An even lower compression ratio of nine is used by [66]. In order to compensate for the
decreased effective compression ratio, the intake pressure and temperature of the OSCE
need to be increased to generate realistic end of compression conditions in the combustion
chamber of a transparent engine [10,16,18,21,30,33,51,64,75,76,78,80,84,91,106]. At
the OSCE this is achieved by a three stage compressor system and two intercoolers that
are operated with heated water. Moreover, the residual volume, which is positioned in
front of the intake ports of the OSCE to decouple the engine from pressure pulsations of
the compressor system, is heated electrically.
Fourthly, as a result of the limited number of firing cycles (point 2) and the increased
intake system length (point 3), optical engines can not be operated with external recir-
culation of their own exhaust gases as the exhaust gases would not reach the intake in
time. Therefore, many optical diesel engine investigations have been performed without
EGR [14, 43, 50, 51, 58, 64, 84, 103, 105, 107] although the part-load limitation (point 1)
vitally requires EGR to provide realistic conditions (see chapter 2.1.5). In order to sim-
ulate the decreased ambient oxygen concentration of EGR operation, the intake air can
be diluted with N2 and/or CO2 supply [16, 19, 21, 26, 75, 91, 106, 108]. However, real
exhaust gas recirculation affects the mixture formation and ignition process by increased
heat capacity resulting in decreased TDC temperatures and feedback of radicals or partly
oxidized hydrocarbons that can not be simulated by N2 and/or CO2 dilution. Therefore,
the intake air of the OSCE is diluted by the exhaust gas of a secondary engine operated
with diesel fuel. A comparable external exhaust supply is found in [18, 67].
During the start of each experiment the OSCE is motored by the electrical engine con-
nected to the crank shaft. In this operation the temperature, pressure and CO2 concentration
of the intake air flow are adjusted [106, 109]. The corresponding end-of-compression in-
cylinder conditions for the experiments shown in chapter 7.3 in consideration of the
effective compression ratio shown in table 5.1 and an polytropic coefficient of κ= 1.345
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for exhaust gas enriched air [21, 43]1 are given in table 5.2. Here, the intake pressure is
defined to meet the compression peak pressure of the TSCE, which is constantly con-
trolled by pressure indication, and the intake temperature is iteratively adjusted to meet
the ignition delay of the corresponding TSCE measurements. These end-of-compression
conditions are closely comparable to the first operation point of the HPC test-bench in-
vestigations (see table 7.1) Moreover, it will be shown that the corresponding ignition
delay times at these test-benches match well.
Table 5.2: Thermodynamical adaption for the simulation of the in-cylinder conditions
n = 1500 rpm and IMEP = 6.8 bar in case of BLT combustion
Intake End-of-compression
conditions conditions
Pressure 2.4 bar 55.5 bar
Temperature 80 °C (353.15 K) 522.7 °C (795.9 K)
As soon as the desired intake conditions are achieved, the OSCE is operated for 100
successive cycles with thermodynamically predefined and fuel dependent parameters for
rail-pressure, start of injector energizing and duration of energizing to simulate defined op-
eration points with constant center of combustion. This predefinition, which is achieved
by the comparability between the OSCE and TSCE, is essential for realistic investigations
as the comparison of fuels with different reactivity but identical injection timings and
boundary conditions will always be influenced by incomplete combustion of the less re-
active fuel. Optical measurements that have been performed at defined operation points
with defined center of combustion can be found in [10, 18, 64, 75, 80, 91].
To summarize, substantial efforts have been made to achieve a good comparability be-
tween the optical and thermodynamical measurements. Although each of these features
(i.e. ω shaped piston bowl, continuous firing for 100 cycles, predefined injection parame-
ters for defined operation point with constant center of combustion and external exhaust
supply) has been shown in the literature before, it is mentioned that no publication could
be found that previously combined all of these measures shown here.
1The usage of κ= 1.36 is mostly coupled to the EGR simulation by N2dilution [21, 33, 78]
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The investigation of different aspects of the diesel engine related mixture formation, igni-
tion and combustion requires the application of different measurement techniques. Within
this thesis all measurement techniques are based on the physical effects of light scatter-
ing, light deflection and/or wavelength dependent flame visualization (spectroscopy). The
fundamentals of these effects are briefly described in chapter 6.1 to provide a general un-
derstanding. Based on this, the measurement techniques, application to the corresponding
test-bench and fundamental post-processing steps are described in the following.
6.1 Theoretical introduction
Light scattering
In general, scattering describes the elastic redirection of electromagnetic radiation like
e.g. light [21,87] at spherical surfaces [64,83]. Therefore, the scattering effect is used for
the visualization of liquid droplets e.g. [21]. The intensity of scattered radiation depends
on droplet diameter and the angle of observation [111]. In the context of this work
the angle of observation is constant during all measurements dealing with scatterlight.
Therefore, the intensity of scattered light increases with the droplet diameter and the
intensity of illumination only. Technically, the droplet illumination can be achieved by an
external light source or flame radiation in the vicinity of the liquid droplets e.g. [25]. In
the first case, the constant illumination allows a direct comparability between different
experiments as long as all droplets are illuminated with the same intensity (see chapter
6.2). In the second case, the intensity and position of illumination by flame radiation
can strongly vary between different fuels. As this influences the minimum detectable
diameter, this case only provides a lower limit of fuel dependent liquid penetration (see
chapter 7.3).
Light deflection
The effect of light deflection can be used to determine between gaseous media of different
density as the refraction indices are density dependent. As a result, a light beam is de-
flected in direction at the contact surface of two transparent media with different density
(in non-perpendicular direction to the contact surface). The visualization of this effect
inside a measurement volume is achieved by detecting light that was parallelized in direc-
tion before entering the volume. [112] The corresponding shadowgraphic measurement
technique is described in chapter 6.3.
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Spectroscopy
The spectral measurements during ignition and combustion are based on the fact that
different species inside or near the flame like e.g. gaseous molecules and soot particles emit
light by different physical processes and at different wavelengths [33, 84]. Therefore, the
wavelength selective (spectral) signal detection allows the identification and localization
of the corresponding molecule as long as the radiation at this wavelength is not dominated
by the radiation of another species. The two major components of diesel engine related
flame radiation are chemiluminescence and soot luminosity [65, 76, 84, 110, 113].
Chemiluminescence
The chemiluminescent radiation is a ”spontaneous, non-thermal radiation from gas-phase
molecules as they relax from excited electronic state” [110]. Therefore, the detection of
chemiluminescence is used as marker for the presence of chemical reactions [21]. The
excitation of these molecules is achieved by energy absorption from exothermic reactions
[78] and the turbulent mixing with hot combustion products. The excitation by external
energy like e.g. laser induced fluorescence (LIF) is also possible [21] but no part of
this thesis. The result of this energy absorption is a movement of the valence electrons
to a higher energy band (orbital). In case the exited molecule performs no chemical
reaction, the valence electrons return to ground state and release the received energy in
the form of light. Due to the fact that only discrete states of electronic excitation can
be achieved, a discrete amount of energy and therefore light at discrete and molecular
dependent wavelengths (E = h/ ν) is released. The corresponding wavelengths are e.g.
λlight = 430 nm for CH* [45, 78, 114] and λlight = 470 nm as well as 520 nm for C2* [45]
or λlight = 309 nm for OH* [25, 34, 36, 45, 78, 107, 114].
Soot luminosity
In case of sooting combustion, the chemiluminescent spectra are superimposed by the
heat-radiation of soot particles. These particles are solid agglomerations of hydrocarbons
that can be formed in the central region of the flame (see chapter 2.1.4). Due to their solid
consistency, their emission behavior is properly described by Planck’s law of radiation [115]
given in equation 6.1. Here, the definition of black-body radiation can be used in first
approximation to describe the emission behavior. This definition implies that no radiation
directed toward such a particle is transmitted or reflected. Therefore, all radiation directed
to the particle needs to be absorbed and all radiation received from this particle must have
been emitted by heat radiation of this particle. Concerning equation 6.1, it can be seen
that the spectral radiance M is only a function of radiator temperature T and emission
wavelength λlight. The dependency between radiation intensity, radiator temperature and
emission wavelength is shown in the left graph of figure 6.1.
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Firstly, it can be seen that the radiation intensity integrated over wavelength increases with
radiator temperature. This is due to the fact that higher radiator temperatures require
more radiative energy release [116]. Consequently, the brightest radiation is emitted by
the hottest particles. These particles are located in the vicinity of the diffusion flame
layer as these particles achieve thermal equilibrium with their direct environment within
dt = 10-5 -10-7 s [117, 118].
M(T,λlight) dA dλlight = 2 Π h c
2
λlight
5
1
exp( h c
λlight k T
)−1 dA dλlight (6.1)
with: M − spectral radiance W/mm2
h − Planck’s constant 6.6260696e-34 J/s
c − speed of light 299792458 m/s
k − Boltzmann’s constant 1.38065e-23 J/K
Secondly, it is seen that the spectral composition of black-body radiation is shifted to
shorter wavelengths with increased radiator temperature. The temperature dependency of
peak-intensity wavelength is explained by an increasing probability of highly energetic and
therefore high frequent radiation as a function of increased radiator temperature [119]. In
combination, soot luminosity is a proper marker for rich and hot reaction zones [33]. The
total detected signal intensity depends on the particle temperature, emission coefficient,
number of radiating particles and sensitivity of the optical set-up. However, it needs to
be noticed that the early rich and hot reaction zones might not be visible due to the
required time for soot formation [21, 42, 95]. Moreover, the emitted intensity can partly
be attenuated by cold soot located between the luminous area and optical detector. [58].
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Figure 6.1: Specific black-body radiance over wavelength for four exemplary temperatures
and emission spectrum of a sooting flame derived taken from [113] (highlighted areas show
the spectra of the OH*-Vis measurement technique (see chapter 6.4))
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Signal superposition
In order to describe the signal superposition, a radiation spectrum of a sooting flame from
UV to near IR taken from [113] is shown in the right graph of figure 6.1. It can be seen that
the majority of the spectrum is dominated by soot radiation. This is due to the fact that
soot particles achieve temperatures of approximately T = 2700K directly before oxidation.
Therefore, the intensity of soot radiation at these temperatures can exceed the intensity
of most chemiluminescent spectra by 4 to 5 orders of magnitude [33, 84]. Consequently,
all chemiluminescent emissions in the spectrum of soot radiation are covered by the signal
of soot luminosity during sooting combustion.
OH* Chemiluminescence
One of the only chemiluminescent emissions that can be identified during sooting diesel
engine related combustion is the strongest radiation band of the excited OH radical (OH*)
around λlight = 309 nm [25,34,36,45,78,107,114] as shown in the right graph of figure 6.1.
The separation is due the fact that diesel engine related flame temperatures are insufficient
to achieve major luminosity at these UV wavelengths following equation 6.1. Therefore,
only minor cross-talk with soot luminosity can be expected [36, 42]. Consequently, the
visualization of the OH* chemiluminescence is widely used in the literature for the fol-
lowing reasons. First, the OH* radical is an important intermediate product during the
chain branching processes of ignition kinetics. Therefore, the appearance of OH* chemi-
luminescence is a proper marker for the start of chain branching reaction [21,78] like e.g.
H2O2-> 2OH* [31]. Consequently, the temporal delay between the start of injection and
the time of OH* appearance as well as the distance between the nozzle and the OH*
emitting area provides information about the quality of the mixture preparation prior to
ignition and combustion (see chapter 2.1.1 and 2.1.2). Second, the OH* signal intensity
is maximum at near stoichiometric conditions [30,45,87,114]. Therefore, the OH* signal
is a proper marker of the surrounding stoichiometric diffusion flame layer (see chapter
2.1.5) [21]. The flame core is almost no source of flame radiation due to the oxygen
deficiency in this region [4, 10]. It is noted that [5] applied Formaldehyde LIF for the
visualization of reactions prior to OH* formation. However, these so called first-stage
reactions do not lead to chain branching and exothermal heat release and are therefore
skipped in the context of this work.
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6.2 High-speed Particle Image Velocimetry (HSPIV)
HSPIV is a two dimensional, laser-optical measurement technique for planar movement
detection of gaseous or transparent liquid media based on the light scattering effect. The
investigated medium is seeded with light scattering particles (tracer), which are small
enough to follow the flow-field. Inside the measurement volume a plane of investigation
is externally illuminated twice with a short time separation dt. The tracers that are inside
the investigated plane at the time of illumination scatter light out of the plane. The
detection of the light, which is scattered out of the plane, provides information about
the position of particles within the plane during illumination. In the period between the
first and second illumination the particles are moved by the flow-field. Therefore, the
processing of the recorded images and detection of local particle shift ds(x,y) allows the
calculation of a local velocity via equation 6.2. Obviously, particles moving perpendicular
to the measurement plane might be only visible during one illumination. Therefore, the
plane of illumination is generally located in the plane of maximum flow-field velocities.
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Light sheet optics
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Figure 6.2: HSPIV measurement set-up at the OSCE test-bench
The experimental set-up of HSPIV measurements at the OSCE test bench is given in
figure 6.2. Due to the fact that the major in-cylinder flow-field structure inside a mod-
ern diesel engine is rotating around the vertical axes (Swirl), the horizontal plane of the
combustion chamber h = 9 mm below the cylinder head is illuminated. Therefore, light
from both cavities of a Darwin-Duo high-repetition laser are superposed, widened to a
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horizontal sheet with dLightsheet = 1 mm thickness by two cylindrical lenses and coupled
into the combustion chamber through one of the window cassettes. Both cavities of
the laser are operated with a repetition rate of fpulse = 2.25 kHz and a temporal shift of
dt = 6 ns to achieve consecutive illuminations. This pulse frequency results in a tem-
poral resolution of dCA = 4° CA for consecutive double images at an engine speed of
n = 1500 rpm. In order to visualize the flow-field, the intake air of the OSCE is seeded
with Diethylhexylsebacat (DEHS: C26H50O4) tracers. The scattered light of each illumi-
nation, which exits the engine through the ω-shaped transparent piston bowl and mirror
positioned in the clearance of the elongated piston, is recorded by a high-speed camera
operating with frecord = 4.5 kHz = 2 fpulse to record each illumination individually. The mea-
surements are performed in 30 consecutive cycles in a range of α= 180 to 70 °CA BTDC.
Due to the fact that the tracers start evaporating at around α= 90 °CA BTDC, the post-
processing stops at this °CA to ensure reliable results. Furthermore, the movement of the
transparent ω-shaped piston bowl along the optical path causes a continuous change of
optical distortion as a function of °CA. As the precise information of local particle move-
ment is vital for an accurate calculation of local velocities, the change of optical distortion
is compensated by a °CA dependent dewarping procedure prior to the post-processing.
v (x,y) = ds (x,y)
dt
(6.2)
ds (x,y) =
√
s (x,y,Rmax)
2 + t (x,y,Rmax)2 (6.3)
R (s (x,y), t (x,y)) =
M-1∑
m=0
N-1∑
n=0
Ix,y1 (m,n) ∗ Ix,y2 (m-s (x,y), n-t (x,y)) (6.4)
with: v(x,y) − Local velocity magnitude
ds(x,y) − Local shift magnitude within the investigated plan
dt − Time separation between both illuminations
R(s,t) − Cross correlation result for IW
position x,y and shift s,t
M, N − Interrogation window size
s, t − Current shift of the second interrogation window
Ix,y1 (m,n) − Signal intensity at defined position
within the first interrogation window
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During post-processing the detected and dewarped images are divided into smaller interro-
gation windows (IWs) . The structures or information included in the IWs of both images
are compared using the cross correlation given in equation 6.4. The formula results from
the sum of Euclidean differences of the overlapped images and a simplification of the
second binomial formula as described in [120]. The local displacement from the first to
the second illumination is found at the minimum of the Euclidean differences R following
equation 6.3. In consequence, the resolution of the complete vector field increases with
the number of IWs, which can be achieved by decreasing the size and/or increasing the
overlap of neighboring IWs. However, decreasing the IW size can lead to the loss of high
velocity information as the tracers might leave the IW region from the first to the second
illumination. Therefore, an adaptive algorithm is used to increase the flow-field resolu-
tion. This algorithm decreases the IW size iteratively and uses the velocity information
of previous iterations to position the second IW.
−→v (α,x,y,c) = u (α,x,y,c) + v (α,x,y,c) (6.5)
u (α,x,y,c) = u (α, x, y) + u′(α,x,y,c) (6.6)
u (α,x,y) = 1
j
∑
j
u (α,x,y,cj) (6.7)
with: −→v − Cyclic individual flow-field vector
u, v − Cyclic individual vector components in Cartesian direction
u, v − Cyclic averaged vector components in Cartesian direction
u′, v′ − Cyclic deviation component in Cartesian direction
x, y − Local flow-field coordinates
α − °CA position
c − Cycle
Based on the recording of multiple consecutive cycles, various statistical post processing
procedures can be applied. According to equation 6.5, the vectorial addition of the
Cartesian velocity components u and v provides the flow-field vector −→v . At each position
of x, y and °CA, a cyclic averaged component u, which represents the reproducible main
mode of movement, can be calculated using 6.7. Therefore, each individual flow-field
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component u can be described by the vectorial addition of the cyclic averaged component
u and a cyclic individual deviation component u′ following Reynold’s averaging method
[121]. Thereby, u′ represents the higher modes of movement, which are caused for
example by cyclic individual flow-field dissipation, which is transient in position and time.
Ekin (α) =
1
ij
∑
i
∑
j
1
2
(u (α,xi,yj)2 + v (α,xi,yj)2) (6.8)
TKE (α) = 1
ijk
∑
i
∑
j
∑
k
1
2
(u′(α,xi,yj,ck)2 + v′(α,xi,yj,ck)2) (6.9)
TKErel (α) =
TKE (α)
Ekin (α)
(6.10)
with: Ekin − integral specific kinetic energy
TKE − integral specific turbulent kinetic energy
TKErel − integral specific relative turbulent kinetic energy
In order to characterize the complete flow-field, the integral specific kinetic energy Ekin, in-
tegral specific turbulent kinetic energy TKE and integral specific relative turbulent kinetic
energy TKErel can be calculated following the equations 6.8, 6.9 and 6.10. Therefore,
Ekin represents the energy of the main mode, TKE represents the energy of the higher
modes of fluctuation and TKErel is the ratio of Ekin to TKE.
Besides this, the integral flow-field structures can be characterized by the swirl number
(SN), average of surrounding tangential components (ST) and eccentricity of the swirl
center recc. Here, SN is defined as the spatial average of all vector components that are
tangential to the central point of the image (x0, y0) divided by the averaged piston speed
cm = 2 s n. Clockwise or counterclockwise rotations are indicated by the variables m in
dependency of the vector direction and position. Due to the fact that this calculation
is performed with vector components of the cyclically averaged flow-field u and v, SN is
a function of °CA position only. Due to the fact that SN is calculated for every vector
position x,y of the average flow-field, the resulting characteristic number ST is a function
of x,y and α. The center of rotation is defined as the spatial maximum of ST. The swirl
center eccentricity recc is the distance between the center of rotation and the central point
of the image.
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SN (α) = 1
2 s n
1
ij
∑
i
∑
j
u (α,xi,yj) sin (atan (
|y0-yj|
|x0-xi|
)) (-1)
m
+ v (α,xi,yj) cos (atan (
|y0-yj|
|x0-xi|
)) (-1)
m
(6.11)
ST (α,x,y) = 1
ij
∑
i
∑
j
u (α,xi,yj) sin (atan (
|y-yj|
|x-xi|
)) (-1)
m
+ u (α,xi,yj) cos (atan (
|y-yj|
|x-xi|
)) (-1)
m
(6.12)
recc (α) =
√
(x = max (ST (α,xi,yj)))
2 + (y = max (ST (α,xi,yj)))2 (6.13)
with: SN − Swirl-number
ST − Circulation
recc − Swirl center eccentricity
s − Piston lift
n − Engine speed
m − Sign describing clockwise (m = 2) or
counterclockwise (m = 1) rotation
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6.3 Simultaneous High-speed Visualization of OH*-Chemi-
luminescence and Shadowgraphy (OH*-shadow)
The OH*-shadow combines a spectroscopic (OH* chemiluminescence) and a light trans-
mitting measurement technique (Shadowgraphy) (see chapter 6.1). This allows the si-
multaneous investigation of mixture formation, ignition, lift-off and flame propagation.
The experimental set-up at the HPC test-bench is shown in figure 6.3. It can be seen that
two cameras are positioned at the same side of the test-bench with a inclination of 45°
as the investigated spray cone propagates through the measurement volume diagonally
(see chapter 5.1). The part of the measurement set-up that is required for the detection
of OH*-Chemiluminescence consists of the intensified high-speed camera equipped with
an UV-transmitting objective and OH* filter combination described by Pauls et al. [122].
In consequence, this camera only detects light in the spectrum of λlight = 313± 10 nm.
The shadowgraphic set-up includes the broad-band light source, concave mirror, neutral
density filter and non-intensified high-speed camera. Here, the distance between the light
source and the concave mirror equals the focal length of the mirror. Therefore, the light
is parallelized in direction before entering the measurement volume.
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Exiting flame radiation
?
OH* filter combination ?
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speed camera
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Figure 6.3: OH*-shadow set-up at the HPC test-bench
In order to describe the effects inside the measurement volume, two exemplary single-
shot superpositions of both measurement signals are shown in figure 6.4 and 6.5. Here,
gray-scale intensities and boundary lines in yellow, red and blue are derived from the
shadowgraphic measurement. The color-scale intensities or cyan boundary line originates
from the OH* signal. The given perspective is identical to the illustration in figure 2.1.
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Figure 6.4 shows an exemplary OH*-shadow single-shot image at the time of ignition. In
this case, two individual ignition kernels can be seen within the mixture phase. Comple-
mentary observations of multiple ignition kernels are also found in e.g. [95,122]. Besides
this, the projection area of liquid spray penetration and of the complete mixture phase
expansion can be determined. The projection area of liquid spray penetration is identified
by significantly decreased intensities as the liquid droplets scatter the illumination inten-
sity out of the line-of-sight. The complete spray phase separates from the background in
terms of local intensities and local intensity gradients based on the deflection effect.
As a result of the simultaneous acquisition of shadowgraphy and OH* chemiluminescence,
the lift-off-length (LOL) and gaseous mixing length (GML) can be derived for each indi-
vidual cycle of injection and combustion. The LOL is the minimum axial distance between
the nozzle and the initial reaction zone. Therefore, this distance equals the total available
length for air entrainment prior to ignition. The GML is the difference between LOL and
liquid penetration and therefore represents the available length for mixture formation after
complete spray evaporation. In consequence, an increase of both characteristic numbers
indicates an improvement of mixture quality within the initial reaction zone in terms of
decreased soot formation following the explanations of chapter 2.2.
Injector
nozzle
Liquid
spray
Complete
spray
OH*-radiating
reaction zone
Background
?







?
C
C
C
C
C
C
CCW








?
-
-
-
-
Liquid
penetr.
Complete-spray
penetration
Lift-off
length
Gaseous
mixing length
Fuel: n-decane - Conditions: 88bar,800K - pRail: 900bar - tact: 0.6ms - t: 1.2msASOE
10 mm
Shadowgraphic signal
intensity / a.u.
0 200
Boundary-lines of:
Liquid spray core
Complete spray phase
OH* chemiluminescent
signal intensity / a.u.
10 200
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veloped flame with highlighted boundaries for improved visibility
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An exemplary OH*-shadow single-shot image of a developed and sooting flame is shown
in figure 6.5. Here, the OH* radiating reaction zone is only indicated by the cyan bound-
ary line to provide visibility of the complete shadowgraphic image. Initially, it can be seen
that the borders of the reaction zone are within the borders of the complete spray. The
region inside of the complete spray area but outside of the reaction zone still differs in
density to the ambient air. Therefore, it can be concluded that the reaction zone needs
to be surrounded by a cloud of hot combustion products. This product cloud is already
included in the conceptional model shown in figure 2.1.
Furthermore, figure 6.5 shows that areas of increased intensity and decreased local inten-
sity gradients can appear in the downstream region of the reaction zone. Based on the
explanations in chapter 6.1 and figure 6.1 it is known that a strong radiation signal like
this can only be provided by the luminosity of soot. The observation that these soot radi-
ating areas appear downstream of the premixed reaction zone is due to the fact that soot
requires time for formation (see chapter 2.1.4). As a result, the integration of intensities
within the boundary of the complete spray (but outside of the area of liquid penetration)
allows a qualitative determination of the soot formation tendency of the investigated fuel
at the given conditions.
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6.4 Simultaneous High-speed Visualization of
OH*-Chemiluminescence and Soot-luminosity (OH*-Vis)
The OH*-Vis measurement technique provides an independent but simultaneous acqui-
sition of visible soot radiation and OH* chemiluminescence in the UV-spectrum (see
chapter 6.1). This is achieved by applying two intensified high-speed cameras to the
OSCE test-bench as shown in figure 6.6. The broad-band flame radiation, which exits
the combustion chamber through the ω-shaped piston bowl and the mirror positioned
in the clearance of the elongated piston, is separated into two light beams by a quartz-
glass plate. The first beam of light, which is transmitting the glass plate, is filtered for
λlight = 313 ± 10 nm by the filter combination described by [122] and detected by the first
intensified camera. The beam of light, that is reflected by the glass plate, is redirected by
a second mirror, filtered λlight > 570 nm and detected by the second intensified camera.
The corresponding spectra are highlighted in the right graph of figure 6.1.
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Figure 6.6: OH*-Vis measurement set-up
The selected wavelength spectrum of the second camera ensures that this signal is not
influenced by chemiluminescent spectra of OH, CH, HCO and HCHO emitted at wave-
length λlight < 480 nm [78]. The second mirror is required due to space limitations at
the test-bench but provides identical perspectives of both raw-data images. In order
to compensate for the increased length of the second light beam, the second camera
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is equipped with a larger objective in terms of focal length. During the measurements
both cameras are synchronized at frecord = 18 kHz and operated for 100 successive cy-
cles1 and 90 images per cycle starting at α= 3 °CA BTDC. The dwell time of dt = 55µs
between two consecutive images results in a temporal resolution of dCA = 0.5 °CA at
n = 1500 rpm. Consequently, these measurements cover the ignition and early expansion
up to α= 42 °CA ATDC. In order to achieve a direct comparability between the detected
intensities of different fuels, the settings for image amplification are held constant for all
measurements.
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Figure 6.7: Exemplary single shot images of the OH*-Vis measurement and explanation
of the SIRA post-processing
In the left column of figure 6.7 exemplary single-shot images of simultaneously recorded
soot luminosity (upper row) and OH* chemiluminescence (lower row) at α= 10 °CA ATDC
are given for illustration. At this point in time the flame is widely spread across the com-
bustion chamber, which can be recognized by wide expansion of the OH* chemilumines-
1The first 30 cycles are excluded from post-processing due to the required operation point stabilization
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cence. The soot luminosity signal shows a minor and sharply delimited signal distribution,
which is due to the fact that soot requires time for formation and therefore appears later.
The detection of soot luminosity and OH* chemiluminescence in the same area does not
directly indicate cross-talk of soot radiation at UV-wavelengths. This is due to the fact
this data is a planar projection of a three-dimensional turbulent combustion process, in
which rich and near stoichiometric reaction zones are stratified in different heights of the
combustion chamber [21]. This argumentation is supported by the fact that both signal
distributions do not match in shape or location of maximum intensities.
The second column of figure 6.7 shows the single-shot images of the same cycle at the
next consecutive time step. In comparison to the images in the first column it can be
seen that the corresponding intensity distributions are very similar but not identical. At
this step of combustion the shift of intensity distributions is mostly caused by flow-field
interaction. Due to the fact that the detection of local displacements allows the indirect
investigation of the in-cylinder flow-field velocities in early expansion, a structural image
recognition algorithm (SIRA) has been developed.
RSIRA(s,t)
x,y =
M∑
m=1
N∑
n=1
abs( Ix,y1 (m,n) − Ix,y2 (m-s, n-t) ) (6.14)
with: RSIRA(s,t)
x,y − Sum of absolut intensity differences for a shift of the
second IW by s and t at the absolute coordinates x and y
M, N − Interrogation window size
s, t − Current shift of the second interrogation window
Ix,y1 (m,n) − Intensity at defined position of the first window
The fundamental formula of the SIRA algorithm is given in equation 6.14. In compari-
son to the cross-correlation algorithm for PIV in equation 6.4 it can be seen that both
algorithms are comparable in the extraction of smaller interrogation windows (IW) from
the raw data image but differ as SIRA calculates the sum of absolute intensity differences
for a given position of the first and second IW. As the IW in the second image is shifted
systematically around the position of the IW in the first image, a map of RSIRA values
is calculated as illustrated in figure 6.8. Here, the minimal sum of absolute intensity
differences indicates that the corresponding shift of the second IW matches the direction
of movement from the first to the second image. However, it is shown that RSIRA can
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Figure 6.8: Illustration of the sum of absolut local intensity differences for different shifts
of the second IW during SIRA processing
achieve multiple local minima M, which necessitates the introduction of two thresholds to
exclude ambiguous results. Firstly, an indicated shift is only valid and reliable if the ratio
of the lowest to the second lowest minimum exceeds a given threshold, which represents
the signal to noise ratio SnR. Secondly, a shift is invalid if M1 exceeds a threshold for
peak height Pkh. If both thresholds are achieved the corresponding shift is assumed to
be the most probable movement of the central point of the first interrogation window
from the first to the second image. The repetition of this procedure for different window
positions results in the computation of a complete vector-field.
In the third column of figure 6.7 the vector-fields derived from the simultaneously recorded
OH* and soot radiation images are shown. It can be seen that the major flow structures
are comparable but some details like the flow-field directions in the fourth quadrant of the
image differ although both flow-fields should be identical. These differences are caused
by different intensity distribution in the OH* and soot luminosity images and indicate
that the calculated single-cycle vector-fields are only a first approximation of in-cylinder
flow-field structures. However, in the right column of figure 6.7 it can be seen that the
cyclic averaged flow-field structures achieve an appropriate comparability as the single-
cycle flow-fields differences are unstable in position. Therefore, the SIRA processing of the
OH*-Vis data provides a vital extension to the HSPIV investigations and the understand-
ing of the in-cylinder flow-field development in early compression and early expansion. It
needs to be mentioned that SIRA processing only provides reasonable flow-field structures
in the range of α= 10 - 16 °CA ATDC as the previous time steps are superimposed by the
expansion of chemical reaction zones and the subsequent steps are too weak in signal
intensity. The corresponding flow-field results will be discussed in chapter 7.1.
Furthermore, the OH*-Vis data itself provides detailed information about the thermody-
namic processes of ignition, flame front propagation, stratification and combustion, which
will be discussed in chapter 7.3.
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6.5 Stereoscopic 3-color high-speed ratio-pyrometry (S3P)
In order to quantify the surface temperature, topology and emissivity of optically opaque
flames, a novel combination of measurement techniques called stereoscopic 3-color high-
speed ratio-pyrometry (S3P) has been developed. In combination with high-speed data
acquisition a temporal and spatial resolution of 10 kHz and 16 Pixels / mm2 is achieved.
Consequently, the experimental results provide new information about the parameters
influencing the surface temperature and therefore thermal NOx formation.
The pyrometrical flame temperature measurements are based on Planck’s law of radiation.
Following the explanations in chapter 6.1, it is known that the radiation of sooting flames
is dominated by the luminosity of soot particles in the vicinity of the diffusion flame
layer [17]. Moreover, it is known that these soot particles achieve thermal equilibrium
with their direct environment within dt = 10-5 -10-7 s [117, 118] and that their emission
behavior is properly described by Planck. Therefore, the investigation of soot radiation can
be used to indirectly quantify the temperature of the rich side of the diffusion flame layer.
However, it needs to be known that soot particles do not necessarily fulfill the requirements
of black-body radiation (emission coefficient  might be < 1). Furthermore, some of
the radiation can be absorbed within the cloud of combustion products surrounding the
diffusion flame layer (see figure 2.1). In consequence, broadband radiation acquisition is
not sufficient to provide quantitative temperature information.
0 700 1400 2100 2800
Wavelength / nm
0
3
6
9
12
3000 K
2500 K
2000 K
1500 K
S
p
ec
tr
a
l
b
la
ck
-b
o
d
y
ra
d
ia
n
ce
/
K
W
/
m
m
2
0 750 1500 2250 3000
694 / 800
694 / 905
800 / 905
Temperature / K
0
0.3
0.6
0.9
1.2
T
h
eo
re
ti
ca
l
in
te
n
si
ty
ra
ti
o
/
-
Figure 6.9: Specific black body radiance as function of wavelength and theoretical inten-
sity ratios of the investigated wavelengths as a function of temperature
The basic principle of ratio-pyrometry is the fact that the ratio of black-body (= 1) or
gray-body (< 1) radiations at two wavelengths near the visible spectrum (and beside the
absorption spectra of other species) is a steady function of temperature e.g. [123–125]. In
S3P three wavelengths (i.e. λlight =694 nm, 800 nm and 905 nm) are applied, which allows
the calculation of three ratios and therefore a double-redundant temperature acquisition
as shown in the right graph of figure 6.9. All of these wavelengths are above the spectra
of major chemiluminescent emissions [29,84] and have individually been used in previous
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pyrometrical measurements [33, 84, 125]. Obviously, the third ratio is mathematically
dependent on the first two (A/B * B/C = A/C). Nevertheless, all signals are measured
experimentally. Therefore, checking redundancy is a proper proof of accuracy during
the measurements, calibration and post-processings. The fundamental formula of S3P is
provided in equation 6.17. It can be seen that this approach only includes the assumption
that the emission coefficient  is equal for all three recorded wavelengths. Therefore, the
S3P tolerates temporal and spatial fluctuations of the emission coefficient, which can not
be negotiated due to the fluctuations in e.g. soot morphology. Comparable gray-body
assumptions for even wider wavelength spectra can be found in e.g. [124–127].
Q(T) = Idet(λ1)
Idet(λ2)
= M (λ1,T) GB(t,x,y) n(t,x,y) τopt(λ1,x,y)
M(λ2,T) GB(t,x,y) n(t,x,y) τopt(λ2,x,y)
GB(λ1) = GB(λ2)= M(λ1,T) τopt(x1,y1)
M(λ2,T) τopt(x2,y2)
(6.17)
with : Q − Intensity ratio −
Idet − Detected intensity a.u.
GB − Emission coefficient −
n − Relative local concentration −
τopt − Optical set-up transmission −
At this point it needs to be discussed that many researchers use an approach based on the
experiments by Hottel and Broughton [117] to describe a wavelength dependent emission
coefficient for two-color measurements [14, 105, 128]. Hottel and Broughton performed
light-transmission experiments with transparent flames and an additional light source.
They found out that the light absorption inside the flame decreases with increasing wave-
length of the light source [117]. This observation can be plausibilized as radiations with
longer wavelengths have a higher probability of passing an absorbing particle without re-
oscillating into its direction. However, four major assumptions are required to derive an
emission coefficient from this observation. Firstly, it needs to be assumed that the trans-
mitting light only interacts with soot particles. Secondly, these particles are not allowed to
scatter or reflect light to ensure that the fraction of light that is not transmitted has been
absorbed inside the flame. Thirdly, it needs to be assumed that a light absorbing particle
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will not change its inner energy level by absorbing light from an external light source. In
consequence, the absorbed energy would need to be re-emitted directly. Fourthly, Hot-
tel and Broughton’s measurements only describe the transmission behavior through the
complete flame and it needs to be assumed that this behavior is also valid for each indi-
vidual particle. Therefore, it can be understood that the wavelength dependency in the
approach derived from Hottel and Broughton’s experiments does only originate from the
global transmission behavior through the flame. Due to the fact that S3P requires opti-
cally opaque flame surfaces, transmission effects are not of major importance. Moreover,
it is uncertain if all of the assumptions included in Hottel and Broughton’s approach are
valid without restrictions. Therefore, the assumption of wavelength independent emis-
sion coefficients in combination with optically opaque flames and a maximum wavelength
separation of ∆λlight = 211 nm in this set-up is not supposed to be a significant source of
inaccuracy. Furthermore, invalid assumptions would cause significant differences during
the double-redundant temperature quantification of the S3P measurement technique.
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Figure 6.10: Experimental set-up of S3P measurements at the HPC test-bench
The experimental set-up of the S3P measurement technique at the HPC test-bench is
shown in figure 6.10. It can be seen that the simultaneous data acquisition at three
defined wavelengths is achieved by a stereoscopic double-row adapter, which stands in
front of the gray-scale high-speed camera and holds the three optical band-pass filters.
The mirrors inside the stereoscopic adapter are used to position the flame projections of
all three wavelengths side-by-side on the camera chip. Comparable set-ups with single-row
adapters to position two filters in front of a camera are found in [123, 129–133].
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In order to achieve temperature quantification, five calibration steps are required. Ini-
tially, it needs to be known that a CMOS camera chip does not provide a perfectly linear
dependency between received and detected intensity. In order to quantify this effect, a
tungsten ribbon lamp is positioned within the measurement plane and operated at steady-
state (constantly controlled with respect to voltage and current). Therefore, the light
emission per time as well as the transmission through the optical set-up is constant. The
camera is operated with the temporal and spatial resolution of the subsequent measure-
ment and the camera sensitivity is adjusted by shutter speed (i.e. the reciprocal exposure
time) variation. In figure 6.11 it can be seen that the CMOS camera shows an increasing
signal saturation behavior after exceeding intensities of 100 counts. Therefore, bright
radiation is generally underpredicted. In order to compensate for this effect, the detected
intensities are enhanced by equation 6.18, which results in a linear dependency between
received and detected intensity as seen in figure 6.11. In order to ensure that the effect
does not depend on the lamp settings, this experiment has been repeated with different
lamp settings and identical results. Due to this linearization, the camera sensitivity can
be adjusted by shutter speed variation [134].
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Figure 6.11: Correction of the CMOS saturation behavior
Secondly, the chamber window, filters and mirrors, camera objective and the camera-
chip itself can have a wavelength dependent transmission, reflection or detection behav-
ior. Therefore, the intensity ratios derived from theory can not directly be applied for
temperature measurements. In order to calibrate the dependency between the radiator
temperature and detected intensities, it is state-of-the-art to simulate the black-body ra-
diation at a given temperature using a tungsten ribbon lamp [14,50,118,132,135–137] or
a black-body radiator [33,84,123,130,133,138]. However, it has been stated by Khatami
et. al [139] that the calibration with a tungsten lamp and a black-body radiator provides
the best accuracy as both radiators provide calibration points at different temperatures.
Therefore, the S3P has been calibrated by a ribbon lamp at T = 2300 and 2400 K and a
black-body radiator at T = 1000 °C for the central point of the image.
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Thirdly, the signal transmission is spatially inhomogeneous. This is due to the fact that
e.g. the frames of the optical filters are within the field of view but far away of the plane
of optical focus. Therefore, these edges as well as the optical blocking at these edges are
a blurry gradient in the raw-data image. In order to correct this spatial inhomogeneity,
the tungsten ribbon lamp (operated in steady-state constantly controlled with respect
to voltage and current) has been moved within the measurement plane by a traversal
system. Therefore, a decrease in detected intensity needs to be caused by a decreased
transmission of the optical path for the given lamp positions, which allows the calculation
of a background calibration map. It is important to note that the maps of background
calibration need to be normalized to the points of temperature calibration of calibration
step 2. As a result, the temperature calibration becomes valid for each complete image.
Fourthly, the different path lengths inside the stereoscopic double-row adapter cause a
minor rotation of each flame projection. The corresponding rotation is quantified and
subsequently corrected by visualizing a target within the measurement plane.
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Figure 6.12: Exemplary single-shot image of flame radiation at all three wavelengths after
correction of camera saturation, background attenuation and image rotation
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In figure 6.12 an exemplary single-shot image of all three, simultaneously recorded flame
projections is shown after correction of the camera saturation, background attenuation
and image rotation. It can be seen that the brightest flame projection is achieved with
λlight = 694 nm. This is due to the adjustment of the stereoscopic double-row adapter in
front of the high-speed camera and done on purpose as the shortest wavelength (in the
visible range) achieves the weakest signal intensity following equation 6.1. Moreover, it
is seen that the major characteristic structures are visible in every projection. However,
the enlarged details on the right of figure 6.12 show that the finer structures of the flame
surface differ slightly from projection to projection. In consequence, the local intensity
ratios and therefore local temperatures can not yet be calculated. The reason for this
disparity are the different filter positions within the stereoscopic double-row adapter in
front of the high-speed camera. Therefore, each flame projection shows the opaque
surface of the diffusion flame layer from a slightly different perspective.
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Figure 6.13: Schematic illustration of the stereoscopic image disparity
The dependency between the stereoscopic disparity d and the distance h between a dis-
tinctive structure and the measurement plane is schematically shown in figure 6.13. It
can be seen that a point, which is not positioned in the measurement plane, is projected
on different positions of the measurement plane due to the different angles of observa-
tion. The dependency between d and h results from the theorem of intersecting lines
and is given in equation 6.19. However, d and h are unknown and the assumption of an
idealized and cylindrical flame surface, which would provide a second equation to solve
this problem mathematically, is invalid as illustrated in figure 6.13. Consequently, the
optical disparity needs to be detected and corrected numerically. Nevertheless, the local
flame height h and therefore topology of the diffusion flame surface can be calculated
using equation 6.19 as soon the local disparity d is known.
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The procedure to quantify the local disparity d is closely comparable to the SIRA algorithm
described in chapter 6.4. Two images are separated into smaller windows, whereas the
window in the first image is held constant Ix,y1 (m, n) while the corresponding window
in the second image is shifted systematically around the position of the first window
Ix,y2 (m-s, n-t). In the case of stereoscopic visualization, the searching area can be limited
in size as the possible direction of disparity is predefined by the optical set-up following
the idea of epipolar geometry [140]. The fundamental equation, which is used to compare
the structures within both searching windows, is given in equation 6.20. As this equation
is derived from the Matlab corr2 function, the matching structures and therefore optical
disparity is found at the position of maximum RS3P as shown in equation 6.21. Based on
this result all images are transposed pixel-wise into the perspective of the flame projection
at λlight = 800 nm as this filter is positioned above and aside of the other filters within
the stereoscopic double-row adapter (see figure 6.10).
RS3P(s,t)
x,y =
M∑
m=1
N∑
n=1
( Ix,y1 (m,n) ∗ Ix,y2 (m-s, n-t) )
∗ [
M∑
m=1
N∑
n=1
( Ix,y1 (m,n) ∗ Ix,y1 (m, n) ) ]-1/2
∗ [
M∑
m=1
N∑
n=1
( Ix,y2 (m-s, n-t) ∗ Ix,y2 (m-s, n-t) ) ]-1/2 (6.20)
dx,y =
√
s (Rx,yS3P = max)2 + t (R
x,y
S3P = max)2 (6.21)
As soon as the images are morphed into the 800 nm perspective, the three local intensity
ratios and therefore three local surface temperatures profiles can be calculated using the
information from calibration step 2. Figure 6.14 shows the three temperature profiles
and local temperature differences between the three individual temperature profiles of
the discussed single-shot flame image given in figure 6.12. It can be seen that all three
temperature profiles show very comparable temperature distributions with a cold spot in
the middle of the surface and increased temperatures around the flame tip. As these
three profiles show the surface temperature at the same time step, significant differences
between these images would indicate mistakes during the measurement, calibration or
post-processing. The temperature differences at the border of the flame projection area
can be caused geometrically as the corresponding structures might not be visible in all
three perspectives. However, it can be seen that the local differences hardly exceed 200 K
in average. Therefore, it can be expected that precision of real flame surface temperatures
quantification is within the range of local temperature differences.
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Figure 6.14: Local flame surface temperatures and temperature differences derived from
all three intensity ratios of the exemplary single-shot image
In addition, the S3P measurement technique provides a determination of the flame surface
topology as a result of the morphing algorithm based on equation 6.19. Figure 6.15 shows
the resulting topology of the discussed exemplary single-shot image in top-view and two-
cut sections. Generally, it can be seen that the S3P provides a continuous topology
distribution, which demonstrates the feasibility of the algorithm in equation 6.20 and
6.21 for disparity recognition. Moreover, the cut-section B-B reveals the expected, nearly
circular flame surface topology. However, parts of this single-cycle flame surface deviate
from the circular shape, which proves that an assumption of a perfectly circular flame
surface topology (see figure 6.13) is invalid in the case of a single-shot diesel flame. The
values h (distance between surface and measurement plane) and r (distance between
surface and spray axis), which are used in subsequent post-processing, are illustrated
by red arrows in cut-section B-B. In cut-section A-A it can be seen that the distance
between the flame surface and measurement plane increases in x-direction caused by
flame expansion. In the middle of cut-section A-A an area of decreased height can be
seen. This decreased height is caused by side vortex, which is highlighted by the black
circle in the top-view perspective.
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Figure 6.15: Local flame surface temperatures and topology of the exemplary single-shot
image in top-view and two cut-sections
For each operation point, 20 consecutive cycles are recorded. This allows the calculation
of cyclically averaged values for statistical post-processing. In figure 6.16 the averaged
temperature and topology profiles for the given example are shown. It is seen that the
averaged flame provides smooth temperature and topology gradients as local tempera-
ture or topology peaks are cyclically instable in position. Furthermore, the cone-shaped
topology with a radius of approximately half the diameter within the measurement plane
represents the expected geometry.
Due to the temporal resolution of 10 kHz, the flame surface development can be inves-
tigated during single-cycle combustion events. This is illustrated in figure 6.17, which
shows the flame surface topology and temperature of the exemplary flame image and
the three subsequent time steps. Here, various details such as increasing flame tip-
penetration, downstream propagation of the cold spot in the middle of this flame and
propagation of the side vortex shown in cut-section A-A of figure 6.15 can be seen. The
recognition of such features in consecutive, but completely independently post-processed
images underlines the feasibility of the developed measurement technique and algorithms.
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Figure 6.16: Local flame surface temperatures and topology of the cyclically averaged
flame in top-view and two cut-sections
Finally, S3P provides a determination of the local emissivity. This is achieved by dividing
the intensities of the detected image by the intensities that could have been emitted for
the given surface temperatures in case of black-body radiation as shown in equation 6.22.
The comparison between image 6.17 and 6.18 demonstrates that cold areas of the flame
emit with almost maximum emissivity, whereas hot areas of the flame provide a lower
emissivity. Therefore, it can be observed that the areas of increased emissivity propagate
with the colder surface areas along the spray with time.
ρopt(t,x,y) =
M(λ1,T) GB(t,x,y) n(t,x,y) τopt(λ1,x,y)
M(λ1,T) 1 τopt(λ1,x,y)
= Idet(λ1)
Ical.(λ1)
(6.22)
with : ρopt − optical density −
Ical − calculated intensity  = 1 a.u.
The statistically post-processed S3P results will be discussed in chapter 7.4.
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Figure 6.17: Local flame surface temperatures and topology of the exemplary single-shot
image and the two consecutive time-steps in top-view
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7. Experimental investigations
7.1 Flow-field investigation
The first major topic of this thesis is the investigation of varied in-cylinder flow-field con-
ditions and their effect on mixture formation, combustion and initial pollutant formation.
The variation of the in-cylinder flow-fields at the OSCE is achieved by filling port de-
activation (FPD), while the tangential intake port remains activated. The two resulting
flow-field conditions are investigated and compared by HSPIV (see chapter 6.2) and SIRA
processing (structural image recognition algorithm) of the OH*-Vis measurements (see
chapter 6.4). The HSPIV measurements provide information about the temporal devel-
opment and cyclic reproducibility of the in-cylinder flow-field structures but are limited
to early compression due to tracer evaporation. Therefore, the combination with the
results of SIRA processing during early expansion provides a comprehensive impression
of the complete flow-field development. The resulting information will be used for the
interpretation of the main experiments, which are also performed in variation of FPD.
7.1.1 Flow-field investigation in early compression by HSPIV
Figure 7.1 shows the in-cylinder flow-field structures at α= 150, 130, 110 and 90 °CA BTDC
with and without FPD derived from HSPIV measurements at n = 1500 rpm in motored
operation. The measurement plane is located 9 mm below the cylinder head and flow-
fields are averaged over 30 consecutive cycles. The length and direction of each vector
represents the local flow field velocity and structure and the background colors show the
local sum of surrounding tangential components calculated by equation 6.12. White ar-
eas show that clockwise and counterclockwise rotation around this area is equal or even
against the swirl-direction. Therefore, the swirl center position is defined as the location
of maximum surrounding tangential components and indicated by the white x symbol.
In the case of FPD, a complete circular flow-field can already be detected at α= 150 °CA
BTDC, which is shown in the left column of figure 7.1. The swirl center is shifted toward
the intake valves. Without FPD, directed flow-field structures are only visible in the top
right quadrant of the measurement plane. Therefore, the position of maximum surround-
ing tangential components is shifted to the top left of the image. The discontinuity of the
flow-field without FPD indicates a spatial tilt or shift of the major rotation axes against
the measurement plane at this °CA position. Besides this, the magnitudes of velocity are
comparable for both configurations at this °CA position.
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Figure 7.1: Cycle average of the in-cylinder flow-field structures and sum of surrounding
tangential components derived from HSPIV measurements during early compression
At α= 130 °CA BTDC, which is shown in the second column of figure 7.1, the differences
between the these two configurations increase. It is seen that local velocities and therefore
the average of surrounding tangential components increases in case of FPD, whereas the
center of rotation remains stable between the intake valves. In contrast, the configuration
without FPD develops directed flow-field structures in the bottom right quadrant of the
image, which shifts the center of rotation slightly upward. Besides this, the local velocities
of the configuration without FPD remain similar.
The third column of figure 7.1 shows the flow-field structures at α= 110 °CA BTDC. Here,
it can be seen that local velocities of the FPD configuration start increasing significantly.
Furthermore, the flow-field rotation starts to center within the combustion chamber. At
the same °CA position the flow-field without FPD develops to the bottom left quadrant.
Due to the fact that the resulting swirl center eccentricity still increases, the FPD can
already be assigned to be beneficial due to earlier centralization and increased local flow-
field velocities.
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The flow-fields at α= 90 °CA BTDC, which are displayed in the right column of figure 7.1,
show that the local velocities of the configuration with FPD keep increasing up to val-
ues of vmax≈ 10 m/s. Simultaneously, the flow rotation centers near the position of the
injector nozzle. Without FPD directed flow-field structures start appearing in the bot-
tom right quadrant of the image while the local velocities remain in the magnitude of
α= 130 °CA BTDC. As a result, the center of rotation positions between the intake valves.
However, the eccentricity of the in-cylinder rotation without FPD is still larger than the
eccentricity of the FPD configuration at α= 150 °CA BTDC. Due to the fact that the
DEHS particles start evaporating after α= 90 °CA BTDC, the processing of the HSPIV
data is stopped at this °CA position.
In the top two rows of figure 7.2 the cyclically and spatially averaged parameters of specific
kinetic energy Ekin, swirl center eccentricity recc, maximum flow-field velocity vmax and
swirl-number SN are plotted over °CA for both intake configurations. It is seen that both
configurations do not differ significantly up to α> 150 °CA BTDC. From this °CA position
onward the Ekin values of the FPD configuration start increasing up to Ekin = 9.7 m
2/s2
at α= 90 °CA BTDC due to increasing local velocities. At the same °CA position only
Ekin≈ 1.2 m2/s2 is achieved by the configuration without FPD. Additionally, the maximum
flow-field velocity with FPD of vmax = 9 m/s is three times higher than in the other case.
The swirl center eccentricity of both configurations is comparable with recc≈ 8 mm until
α= 130 °CA BTDC. After this °CA it can be seen that the FPD configuration achieves
a continuous centralization, while the flow-field of other configuration decentralizes to a
stable intermediate value of recc≈ 13 mm. As a result, the swirl-number, which represents
the spatial average of the velocity components tangential to the combustion chamber
centerline (central point of the image in this perspective) normalized on the average
piston speed, achieves values of SN =1.5 in case of FPD and SN = 0.5 without FPD at
α= 90 °CA BTDC
The cyclic instability of the flow-field development is described by the specific turbulent
kinetic energy TKE and specific relative turbulent kinetic energy TKErel. Remember
that the diesel engine related mixture formation benefits from a fast and reproducible
entrainment of ambient air into the zone of evaporated fuel. Moreover, the ignition
at each spray cone does not require the propagation of the flame front through the
complete combustion chamber like in the case of gasoline engines. Therefore, small-scale
vortex generation by flow-field dissipation for flame front folding and increased flame
front velocity is of minor importance for the diesel engine related combustion process. In
consequence, low TKE and TKErel values are desired to improve the cyclic reproducibility
of air-entrainment, mixture formation and ignition in first place.
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Figure 7.2: Cyclic average of characteristic flow-field numbers as a function of °CA for
configurations with and without filling port deactivation
The TKE and TKErel values of the HSPIV investigations are given in the bottom row
of figure 7.2. At α= 170 °CA BTDC, both configurations are comparable with respect to
TKE≈ 1.2 m2/s2. After this, higher TKE values are calculated for the FPD configuration,
which correlates to the simultaneous increase of Ekin shown in the top left of figure 7.2.
In order to quantify the relative fluctuation energy, TKE is normalized to Ekin in the
calculation of TKErel using equation 6.10. In the graph of TKErel given on the bottom
right of figure 7.2 it can be seen that both configurations provide a decreasing tendency
of TKErel over °CA due to the simultaneous increase of Ekin. Still, the configuration
without FPD shows a higher relative fluctuation energy and exceeds the values of the FPD
configuration by a factor of ≈ 6 at α= 90 °CA BTDC. Therefore, the FPD configuration
is not only advantageous for the diesel engine related flow-field development regarding
early centralization and higher velocities, but also due to higher cyclic reproducibility.
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7.1.2 Flow-field investigation in early expansion by SIRA
In order to investigate the flow-field structures during early expansion, the structural
image recognition algorithm (SIRA) has been applied to the raw data images of the
OH*-Vis measurements. These measurements are performed with and without FPD and
the temporal measurement resolution of f = 18 kHz allows the indirect detection of local
flow-field structures by identifying the displacement of distinctive structures in consecu-
tive images as described in chapter 6.4. This algorithm provides proper results in a range
of α= 10 - 16 °CA ATDC. During earlier time steps, the spatial signal development is still
a superposition of flow-field motion and the expansion of the chemical reaction zones.
During later time steps, the decreasing radiation intensity impairs the detectability of dis-
tinctive structures. Nevertheless, the data from the given °CA window provides important
information for the understanding of the flow-field conditions during combustion.
In figure 7.3 the extracted flow-field structures from OH*-Vis measurements with n-
heptane and both filling port configurations are shown at α= 10 and 15 °CA ATDC. In
general, the illustration is analogous to figure 7.1 except for the different colormap scal-
ing. Furthermore, the flow-fields derived from the simultaneously recorded signals of soot
luminosity and OH* chemiluminescence are plotted next to each other. The comparison
of the corresponding flow-fields reveals local differences, which are due to different sig-
nal distributions of the raw data images, but generally shows a qualitative comparability.
Therefore, it can be concluded that the general trend of increased flow-field velocities as a
result of FPD derived from the HSPIV measurements in early compression is still present
during early expansion. However, it can be seen that the flow-field structures of both
filling port configurations achieve very proper centricity, which is due to the fact that the
in-cylinder flow is centered in the piston bowl during the end of compression [89]. More-
over, it is seen that the flow-field velocities in the swirl plane decrease with increasing °CA
position ATDC. This decrease in rotation speed can be explained by downward movement
of the piston, which transfers the swirl momentum to larger radii and generates secondary
vortices above the piston crown during expansion.
The characteristic flow-field numbers derived from the SIRA processing of all fuels inves-
tigated with the OH*-Vis measurement technique are given in figure 7.4 in scatterband
plots as a function of °CA. Generally, it can be seen that the scatterbands derived from the
signals of soot luminosity and OH* chemiluminescence of the investigated fuels achieve
large overlapping areas. The resulting consistency of flow-field numbers derived from
various measurements with and without FPD indicates the feasibility of the developed
algorithm to extract reasonable flow-field information. Furthermore, it can be seen that
the SIRA processing works equally well with signals of different spectra.
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Figure 7.3: Cycle average of the in-cylinder flow-field structures and sum of surround-
ing tangential components derived from SIRA processing of the OH*-Vis measurements
during early expansion
In figure 7.4 it can be seen that the FPD configuration exceeds the configuration without
FPD in terms of Ekin by a factor of approximately four. Moreover, the derived maximum
velocities of vmax = 12 m/s with FPD are two times higher than in the other case. However,
both configurations achieve eccentricities of recc≤ 2 mm for all investigated fuels due to
the centralization described earlier. As a result, the swirl numbers (within the field of
view) differ from SN = 2.2 to SN = 1 for the configurations with and without FPD.
The characteristic numbers to describe the cyclic flow-field reproducibility, which are
given in the lower row of figure 7.4, present the same trends as the results of the HSPIV
measurements. It can be seen that the FPD configuration provides higher TKE values
during early expansion but also significantly higher Ekin values. Therefore, the values
of TKErel, which describe the relative fluctuation energy, achieve significantly lower and
strongly reproducible values for all investigated fuels, which indicates a very good flow-
field reproducibility.
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It can therefore be summarized that the configuration with filling port deactivation shows
beneficial effects of earlier flow-field centralization during early compression as well as
higher flow-field velocities and better cyclic reproducibility in early compression and early
expansion. In consequence, it is expected that the FPD configuration provides significant
benefits during the part-load related mixture formation and combustion process as long
as the mass of introduced air, which is decreased by the deactivation of the filling intake
port, does not influence the local stoichiometry of combustion.
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7.2 Fuel characterisation experiments by OH*-shadow
The second major topic of this thesis is the investigation of alternative fuels. The initial
investigations are conducted at the HPC test-bench (see chapter 5.1) by the OH*-shadow
measurement technique (see chapter 6.4). Therefore, the fuel-dependent mixture forma-
tion and ignition behavior is characterized at engine-relevant but steady-state ambient
conditions. The experimental variation parameters of ambient conditions, rail pressure,
actuation duration and injected fuels are given in table 7.1 and 7.2. In comparison to
table 5.2 it can be seen that the lower ambient conditions match the end-of-compression
conditions inside the OSCE at part-load (n = 1500 rpm, IMEP = 6.8 bar) fairly good.
Therefore, the results at the lower operation point will be used to select the candidate
fuels for the combined flow-field and fuel investigations in chapter 7.3. Furthermore, the
comparison between the low-load results in this chapter and the results in chapter 7.3 will
show the effect of transient ambient conditions1.
The upper ambient conditions are representative for the in-cylinder conditions of the
highest operation point concerned in emission legislation [97]. As the upper and lower
operation point differ in ambient temperature and density, an intermediate point with
the density of the upper and the temperature of the lower operation point is introduced.
Therefore, the effects of ambient temperature and density can be investigated separately.
At each operation point the rail pressure and actuation duration is varied systematically
for each fuel. In order to provide a sufficient data basis for statistical post-processing,
each setting is recorded for 20 consecutive cycles.
Table 7.1: Variation parameters of the fuel characterization experiments
Ambient gas conditions of Rail Actuation
Parameter pressure, temperature, density pressure duration
Variations 150 bar, 800 K→ 21.7 kg/m3 1900 bar 0.4 ms
188 bar, 800 K→ 38.3 kg/m3 1200 bar 0.6 ms
100 bar, 900 K→ 38.7 kg/m3 1500 bar 0.8 ms
1.0 ms
1.2 ms
Table 7.2: Investigated fuels (see chapter 4) of the characterization experiments
Group Alkanes Oxygenates Fuel blends Reference
Fuels n-heptane 1-octanol MTDBE1 Diesel
n-decane 2-MTHF MTDBE2
n-dodecane DNBE BLT
1Both experiments are conducted with a nozzle hole diameter of dnoz = 109µm for proper comparability
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Figure 7.5: Hydrodynamical spray development of Diesel at all three operation points
Figure 7.5 shows a first set of the OH*-shadow results of Diesel fuel at all three ambient
conditions, all three rail pressures and two exemplary actuation durations. In this graph
the line-color changes with ambient conditions and the rail pressure is indicated by the
line-style. The actuation durations are marked by a text field within the graph to improve
visibility. The measurement values of the complete spray and the liquid spray core are
separated into the left and right column of this figure. Furthermore, each diagram shows
the cyclic averaged values at the left and the corresponding cyclic standard deviation
values at the right y-axis (ignition probability excluded).
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The top left graph of figure 7.5 shows the temporal development of the complete spray
penetration. Generally, it can be seen that the complete spray achieves a rapid in-
crease in penetration at all ambient conditions. The maximum detected penetration
of pen = 56 mm is due to the limited size of the shadowgraphic visualization window
(see figure 6.4). Therefore, penetration lengths of pen> 56 mm are theoretically possi-
ble. However, such large values are technically irrelevant as the maximum penetration
inside the OSCE and TSCE is limited to penmax ≈ 23 mm due to the spray orientation
and piston bowl diameter. The comparison of lines shows that the penetration velocity
increases with decreased ambient density and increased rail-pressure following equation
2.1. Therefore, the fastest penetration is achieved at the lowest operation point and
highest rail-pressure. Furthermore, the upper two ambient conditions provide a fairly
identical penetration behavior as a function of rail pressure due to (nearly) the same am-
bient density. As expected, the actuation duration has no significant effect on the spray
development. The low cyclic standard deviations for complete spray penetration show a
proper reproducibility of the hydrodynamical spray development for all 20 recorded cycles.
In comparison to the ignition probability, which is given at the bottom left of figure 7.5,
it can be seen that the minor intermediate standard deviation peaks at the upper two
ambient conditions are caused by ignition and spray expansion. At the lowest ambient
condition, the ignition does not cause a peak of the standard deviation of penetration
as the tip of the spray exits the measurement window prior to ignition. The temporal
developments of spray penetration and spray expansion influence the projection area and
the cone angle1 of the complete spray, which are given in the second and third graph
at the left of figure 7.5. Prior to ignition, the cone angle is only influenced by shear
forces in the boundary layer between the spray and the ambient air. As a result, it can
be seen that the cone angle increases with ambient pressure and slightly increases with
rail pressure and therefore spray velocity. Additionally, the projection area and cone angle
increase due to the expansion of ignition. As the ambient temperatures increase with
ambient pressure, the largest cone angle is achieved at the highest ambient condition and
therefore fastest ignition.
The right side of figure 7.5 shows the temporal development of the penetration, projec-
tion area and cone angle of the liquid spray core. Generally, it is seen that the liquid
spray core rapidly achieves steady-state, which indicates a fast stabilization of the overall
turbulent entrainment of ambient air. It is recalled that the entrained air provides the
heat for fuel evaporation (see chapter 2.1.1). In consequence, the largest penetration
and largest projection area are detected at the operation point with the lowest ambient
temperature [141]. Still, the spray core penetration does not exceed pen = 23 mm at any
condition (Note that the y-axes of the complete spray and liquid spray core differ). As
1The cone angle is calculated in assumption of a triangular shape by α= 2 tan-1(area/pen2)
61
7 Experimental investigations
a result, the impingement of liquid diesel fuel at the piston surface can be ruled out for
the corresponding operation point. The cone angle of the liquid spray core increases with
ambient pressures due to the pressure dependent shear forces (see chapter 2.1.1). The
actuation duration and rail pressure only influence the injector closing behavior1. The
dependency of increased rail pressure and retarded injector closing is due to the fact that
the injector needle needs to push through the pressurized fuel to fall back into its seat
after the end of energizing. For the same reason, the actual injector opening of the 3-hole
nozzle at pRail = 900 bar is approximately 700µs longer than the electrical actuation dura-
tion. Due to the observation that the liquid penetration is not influenced by rail pressure,
it can be concluded that the increased demand for heat entrainment (to evaporate the
increased mass of fuel) is provided by increased turbulent air entrainment.
The presented conclusions concerning the hydrodynamical dependencies of ambient con-
ditions, actuation durations and rail-pressure are valid for all investigated fuels. There-
fore, the three following figures will show the fuel comparisons at operating conditions of
pRail = 900 bar and tact = 0.6 ms. As each of these figures only shows the results of one
ambient conditions, the line colors will be used to indicate the investigated fuel. Except
of this, the illustrations are analogous to figure 7.5.
Figure 7.6 shows the OH*-shadow results at the low ambient conditions of pamb. = 50 bar,
Tamb. = 800 K. This condition is representative for the end-of-compression conditions
within the OSCE at n = 1500 rpm, and IMEP = 6.8 bar (see table 5.2), which is the inves-
tigated operation point in chapter 7.3. Therefore, the results in figure 7.6 are important
in three ways. Firstly, the OH*-shadow results allow first conclusions about the hydro-
dynamical behavior inside the engine. Secondly, the fuel ignitability determines which of
these fuels is investigated at the OSCE. Finally, the effects of transient ambient conditions
will be identified by significant differences between the results in figure 7.6 and the results
in chapter 7.3.
Concerning the penetration lengths, which are given in the top row of figure 7.6, it can
be seen that only the liquid spray penetration provides a fuel dependency. The reason for
this are fuel-dependent differences in viscosity, surface tension and boiling temperature,
which influence the primary and secondary spray break-up as well as the fuel evapora-
tion (see chapter 2.1.1). Therefore, the largest penetration length of Diesel fuel can
be explained by the high-boiling fuel components and comparatively high viscosity (see
table 4.1). As all penetrations are smaller than pen = 23 mm, liquid impingement in the
OSCE can generally ruled out for all investigated fuels at the given condition2.
1This observation is also true for the other actuation durations but not shown to keep brevity and proper visibility
2As n-decane and n-dodecane are fairly identical in liquid penetration, it is expected that 1-octanol and 1-decanol
also do not differ in liquid penetration significantly. 1-decanol could not be investigated with a 3-hole nozzle due to its
high viscosity (see table 4.1)
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Figure 7.6: Hydrodynamical spray development of all fuels at the lowest operation point
The projection area and the cone angle of the complete spray are influenced by the
expansion due to ignition. Here, it can be seen that the physico-chemical ignition de-
lay decreases with increasing cetane-number (see table 4.1), whereas the cetane-number
dependency is marginal in the range of 40<CN<78. In consequence, the shortest igni-
tion delay is achieved with DNBE (CN 100). As 2-MTHF (CN<15) and the MTDBE1
blend (70 vol% 2-MTHF and 30 vol% DNBE) achieve no ignition, these fuels can not
be applied in part-load operation. The MTDBE2 blend (50 vol% 2-MTHF and 50 vol%
DNBE) achieves a stable ignition but provides a lower oxygen content than the BLT
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blend (70 vol% butyl-levulinate and 30 vol% n-tetradecane) (see table 4.2). Therefore,
BLT is chosen as the first candidate for the engine experiments in chapter 7.3. The
next candidates for the OSCE experiments are Diesel, n-heptane and n-decane as these
fuels provide a nearly identical physico-chemical ignition delay but differ in liquid pene-
tration significantly. Moreover, the comparison between n-heptane and n-decane provide
information about the effect of alkane chain-length. The final molecule for the OSCE
experiments is 1-decanol as 1-octanol does not provide ignitions within the given time
window of figure 7.6. As 1-decane and 1-decanol only differ by one additional oxygen
atom, the comparison between these two fuels will provide information about the effect
of molecular oxygenation.
Figure 7.7 shows the fuel-dependent ignition probabilities as a function of time after start
of injection at all three investigated conditions. The experiments shown in the top row of
figure 7.7 are conducted at the same ambient temperature and only differ in terms ambient
pressure and density. However, it can be seen that the experiments with increased ambient
pressure and density provide a decreased ignition delay and higher cyclic reproducibility
of ignition in comparison to the first operation point1. This beneficial effect of increased
density is due to the fact that the amount of air, which is turbulently entrained into
the spray, increases with shear forces at the spray surface and therefore with ambient
density. The comparison between the second and third graph of figure 7.7 shows the
influence of increased ambient temperature, since these two operation points are (nearly)
identical in ambient density (see table 7.1). Here, it can be seen that increased ambient
temperature enhances and stabilizes the fuel dependent self-ignition behavior. This result
perfectly fits to the theoretical explanations in chapter 2 since increased temperature of
the turbulently entrained air provides more thermal energy to achieve faster molecular
break-down or hydrogen abstraction, which starts the self-ignition process. Furthermore,
it can be seen that all fuels except of pure 2-MTHF provide very comparable physico-
chemical ignition delay times at the upper operation points. Since all of these fuels
and blends include a large portion of chain-like molecules, it can be concluded that the
influence of the molecular structure on the physico-chemical ignition delay times decreases
with increases ambient temperatures and pressures. However, it is important to note that
the pure 2-MTHF (plotted in pink with a tip-down triangle marker) still provides a longer
physio-chemical ignition delay than the other fuels. This effect can be explained by the
more stable circular structure of this molecule (see figure 4.1). Due to the slightly longer
ignition delay, 2-MTHF would provide a beneficial fuel for full-load operations but is not
applicable for part-load conditions. 2
1Note that some fuels such as 1-octanol or MTDBE1 provide no stable ignition at the lowest operation point
2 The other parameters such as penetration and spray angles of the upper two operation points are given in the
appendix section 10.2 for completeness.
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Figure 7.7: Fuel dependent ignition probabilities at all three investigated operation points
The major benefit of the OH*-shadow measurement technique is the quantification of
two numbers to characterize the mixture formation quality within the initial reaction zone
of each igniting cycle. The first number is the lift-off-length. This value is defined as the
axial distance between the nozzle and the first detectable reaction kernel [12, 24, 41–43]
and therefore equals the total length available for air entrainment and mixture formation.
As the soot formation tendency increases with decreasing oxygen concentration inside of
the initial reaction zones [12, 34, 41, 52, 68], an increased lift-off at the time of ignition
indicates an improved mixture formation quality to achieve decreased soot-formation.
The second characteristic value is the gaseous mixing length, which is defined as the axial
distance between the initial reaction zone and the tip of liquid penetration in the context
of this work (see figure 6.4). As two fuels might achieve identical lift-off but different
liquid penetration, this number provides additional information to determine the mixture
formation quality as liquid droplets in the vicinity of the initial reaction indicate a very rich
mixture. If the ignition appears after injector closing, the gaseous mixing length equals the
lift-off in this cycle. Due to the application of two synchronized high-speed cameras (see
figure 6.3), the lift-off, liquid penetration, gaseous mixing length and physico-chemical
ignition delay time can be quantified for each individual ignition of the 20 recorded cycles
during each experiment. Therefore, cyclic averaged and cyclic standard deviation values
of these numbers can be calculated. The corresponding liquid penetrations can differ
from the steady-state liquid penetrations if the ignition appears during injector opening
or during/after injector closing.
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The top row of figure 7.8 shows the lift-off average and lift-off standard deviation values
of Diesel fuel at all three ambient conditions, all three rail-pressures and three actuation
durations of tact = 0.4, 0.6 and 0.8 ms plotted over the ignition delay. Here, the operation
points are indicated by the marker shape. The operation points with the same rail-
pressure and actuation duration are connected by lines, whereas the line-color changes
with rail-pressures and the line-style changes with actuation duration.
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Figure 7.8: Characterization of the ignition conditions with Diesel fuel
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In general, it can be seen that the average lift-off and average ignition delay systematically
decrease with increasing ambient pressure and temperature. The correlation between de-
creased ignition delay as a result of increased temperatures and pressures inside of the
HPC can also seen in figure 7.7. The effect of decreased physico-chemical ignition delay
and lift-off as a result of increased ambient pressure is explained by enhanced entrain-
ment of hot ambient air. The resulting dependency between decreased ignition delay and
decreased lift-off and is due to the less developed spray in case of early ignition, which
necessitates a decreased lift-off. Furthermore, the increased ambient density additionally
causes a slower spray propagation as shown in 7.5. As expected, the actuation dura-
tion does not influence the averaged ignition delay or lift-off significantly. However, the
comparison of rail pressures shows that increased rail-pressure causes decreased ignition
delay especially at the low-load operation point. This effect can be explained by improved
mixture formation due to enhanced turbulence. Furthermore, the lift-off increases with
rail-pressure due to increased spray momentum. In consequence, increased rail pressure
causes an improvement of mixture quality due to increased lift-off but simultaneously an
impairment due to decreased physico-chemical ignition delay. However, due to the fact
that the soot emissions decrease with increasing rail pressure [12, 33, 80, 87, 88], it can
be concluded that the beneficial effect of increased lift-off and enhanced air entrainment
outweighs the effect of decreased ignition delay. The lift-off standard deviation values are
given in the top right of figure 7.8. It can be seen that the two lower load operation point
generate high cyclic deviation values of lift-off, which will be explained later. However,
the stabilization at the full-load operation point is due to the fact that the ignition in this
environment appears early and therefore in a very limited volume of mixture.
The second row of figure 7.8 shows the average and standard deviation values of liquid
penetration at the time of ignition. Here, it is important to note that some measurements
provide liquid penetrations of zero at the time of ignition (tip down triangle markers with
solid lines). These experiments are conducted with the shortest actuation duration of
tact = 0.4 ms and lowest ambient conditions pamb = 50 bar and Tamb = 800 K and . Since
these conditions provide a long physico-chemical ignition delay, the ignition appears after
injector closing for all 20 recorded cycles of these experiments. In the case of the operation
points, which are marked with a (shortest actuation, lowest rail pressure but increased
density) and b (lowest ambient conditions, lowest rail pressure but increased actuation
duration), the ignition appears around the time of injector closing. Therefore, the liquid
penetration at the time of ignition show decreased averaged values and increased stan-
dard deviations. Besides this, the liquid penetration at ignition increases with decreasing
ambient temperatures and pressures. As these values match the steady-state penetra-
tions, which are shown in figure 7.5, it can be concluded that the liquid spray penetration
stabilizes prior to ignition for all investigated conditions.
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The third row of figure 7.8 shows the gaseous mixing length1. It can be seen that
averaged values of gaseous mixing length and lift-off length systematically decrease with
increasing ambient temperatures and pressures. The fact that the graph of the averaged
lift-off values looks more structured is due to the fact that values and calculations of
the gaseous mixing lengths are influenced by the previously described effects of liquid
penetration lengths in the case of ignitions during or after injector closing. The increased
standard deviations of liquid penetration in the case of ignition during injector closing
also explain the increased standard deviations of the gaseous mixing lengths in these
operation points. Aside of this, it can be seen that the averaged gaseous mixing length
decreases with increasing ambient temperatures and pressures. Therefore, the lift-off
length is more effected by increasing ambient temperatures and pressures than the liquid
penetration. At the highest ambient temperature and pressure, the gaseous mixing lengths
even become negative, which means that the initial reaction kernels appear in the thin
gaseous layer, which surrounds the liquid spray core as shown in figure 2.1. This short
or even negative gaseous mixing length indicates that increasing ambient temperatures
and pressures impair the mixture quality at the location and time of the initial reaction
kernels. As the full-load conditions will provide flame core temperatures of T> 1400 K
the decreased gaseous mixing length and therefore impaired mixture quality within the
initial, partially premixed reaction zone will cause increased soot formation following the
explanations in chapter 2.1.4.
The last graph of figure 7.8 shows the standard deviations of the physico-chemical ignition
delay. It can be seen that the highest deviations are detected at the mid-load operation
point. The stabilization at full-load conditions (Tamb ≈ 1000 K) can be due to the so
called negative temperature coefficient (NTC) behavior of many hydrocarbon molecules
[22]. This behavior appears if the oxidations below and above T≈ 1000 K follow different
kinetic pathways. During transition, the chemical ignition delay is nearly constant (or
slightly increases with ambient temperature in NTC). As a result, the physico-chemical
ignition within this temperature regime is less influenced by minor fluctuations of the
ambient temperature for these kind of fuels.
The stabilization at the low-load operation point can not yet be plausiblized. However, it
can already be concluded that this stabilization does not depend on the injector closing
behavior as all three actuation durations achieve nearly the same average and standard
deviation of the physico-chemical ignition delay. Moreover, the ignition delay stabilization
also explains the stabilization of the lift-off length given in the top right of figure 7.8 and
vice versa.
1This value is calculated for each individual cycle instead of subtracting the average lift-off and liquid penetration
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Figure 7.9: Characterization of the ignition conditions all investigated fuels
Figure 7.9 shows the ignition characteristics of all investigated fuels at all three ambi-
ent conditions. In case of misfiring cycles, the corresponding marker points are skipped.
The given operating parameters of pRail = 900 bar and tact = 0.6 ms are identical to the
parameters shown in figure 7.8. The lift-off lengths in figure 7.9 can exceed the maxi-
mum detectable penetration lengths shown in figure 7.6, 10.3 and 10.4 as the intensified
camera recorded less columns but more rows of pixels to detect these lifted ignitions.
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The top row of figure 7.9 shows the average and standard deviation lift-off values plotted
over ignition delay for all experiments with 100% ignition probability. In general, it is seen
that the averaged lift-off lengths scale with ignition delay. A deviation from this behavior
would require an abnormal spray development by e.g. side vortex formation, which could
provide decreased lift-offs but increased ignition delays. Therefore, it can be concluded
that none of these fuels tends to abnormal ignitions. The comparison of the alkanes
shows the expected result that the lift-off and the physico-chemical ignition decreases
with increasing chain length and therefore increasing cetane number. Furthermore, DNBE
achieves very short gaseous mixing length and lift-off values even in part-load operation
due to the high cetane number of CN = 100. Therefore, it can be concluded that this
fuel always ignites in a very rich environment. In contrast, pure 2-MTHF only achieves
stable ignition at full-load conditions due to its stable circular molecule. (Therefore, this
fuel is only indicated by one marker.) The blending of 2-MTHF with 30 vol% DNBE
(MTDBE1) allows reproducible ignitions at the mid-load point and blending with 50
vol% (MTDBE2) also allows ignitions at the part-load conditions. The increase of lift-off
standard deviations with ignition delay is caused by the increasing mixture volume that
is available for the initial reaction in case of part-load conditions.
The lift-off values at the time of ignition are shown in the second row of figure 7.9. Due
to zero average and standard deviation values, it can be seen that the fuels n-heptane,
BLT and MTDBE2 always ignite after injector closing for the given actuation duration
at the low-load operation point. Furthermore, the same ignition behavior is given at the
mid-load operation point for 1-octanol and MTDBE1, which provide no stable ignition
at conditions of pamb = 50 bar pamb = 800 K. This shows the general trade-off between
increased mixture formation time and decreased ignition stability. The maximum values
of averaged liquid penetration length with diesel at the intermediate operation point can
also be seen in figure 10.3. The peak standard deviation values of liquid penetration at
the low load operation are due to ignitions around injector closing.
The third row of figure 7.9 shows the values of gaseous mixing length. Here, it can
be seen that the averaged gaseous mixing lengths of all investigated fuels decreases with
increasing ambient conditions of temperature and pressure. In the case of Diesel, n-decan,
n-dodecane and DNBE this process leads to negative gaseous mixing lengths at the high-
load conditions of pamb = 100 bar pamb = 900 K. This indicates that the initial oxidation
reactions with these fuels appear in a very rich environment, which can promote enhanced
soot-formation in the case of high-load ambient conditions. Since the calculation of
the gaseous mixing length is influenced by single-cycle detection of lift-off length and
corresponding liquid penetration, the standard deviation of the gaseous mixing length is
influenced by fluctuations of both parameters and therefore shows no general trend.
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The last graph of figure 7.9 shows the standard deviation values of the physico-chemical
ignition delay. It is recalled that only operation points with 100% ignition probability are
shown to achieve a comparable statistical background. In comparison to figure 7.8 it can
be seen that increased cyclic fluctuations at the intermediate conditions of pamb = 88 bar
pamb = 800 K are not fuel dependent. Still, there is no plausible explanation for this effect.
Finally, the intensity average of the projection area of the complete spray (without the area
spray core)1 is given in figure 7.10 over time after SOI for all fuels and all three ambient
conditions. This value allows a qualitative determination of the soot formation tendency
as only strong soot radiation can contribute to the detected signal as shown in figure 6.5.
Prior to this, the increased density gradient during ignition as well as the presence of soot
that does provide sufficient radiation cause a decrease of the detected intensity average
as shown in the top two graphs of figure 7.10. However, in full-load conditions it can
be seen that Diesel, all alkanes and DNBE achieve increased average intensities within
the gas-phase projection area. These are exactly the fuels that achieve near-zero or even
negative gaseous mixing lengths in full-load operation (see figure 7.9). Therefore, it can
be concluded that the single-cycle quantification of the gaseous mixing length seems to
be sensitive measure to qualitatively evaluate the fuel dependent soot-formation tendency.
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Figure 7.10: Temporal development of the gasphase intensities (i.e. the intensity average
of the projection area within the red but outside of the yellow boundary line in figure 6.5)
1This equals the projection area in figure 6.5, which is inside of the red but outside yellow boundary line
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The fact that the other fuels achieve lower soot-formation tendencies is due to three
effects. Firstly, a decreased reactivity allows more time and space for air entrainment.
Secondly, an oxygenated molecule requires less oxygen atoms to be entrained from the
surrounding air. This beneficial effect can be mitigated since the decreased heating value
of oxygenated molecules requires more injected fuel to fulfill the same energy output.
However, most of the investigated molecules provide an oxygenation and decreased re-
activity at the same time. Thirdly, the position of molecular oxygenation seems to be of
great importance. This can be seen in the results of DNBE, which ignites with near zero
gaseous mixing lengths and low molecular oxygenation but still only provides medium
radiation signals1. With respect to the theoretical introduction in chapter 2.1.4, it is as-
sumed that the centrally positioned oxygen atom of the DNBE molecule (see figure 4.1)
limits the size of hydrocarbon fragments to 4-chain molecules leaving the PPRZ, which
necessitates additional reaction steps to form PAHs and soot particles.
To summarize, all fuels provide similar hydrodynamical developments in variation of the
ambient temperature and pressure and non of them would achieve liquid impingement
inside of the OSCE test-bench at the investigated conditions. As soon as self-ignition
appears, the lift-off decreases faster than the liquid penetration with increasing ambient
temperatures and pressures. As a result, the initial reactions in full-load operation appear
in the vicinity of the liquid core, which results in increased soot formation tendency that
can be proved by the intensity average of the gaseous projection area.
1The conditions inside the chamber do not allow cold combustion
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7.3 Combined flow-field and fuel investigation by OH*-Vis
After investigating the flow-field and fuel-characteristics individually, both measures are
combined in the following chapter to evaluate, which measure is more effective in decreas-
ing the in-cylinder soot formation. Furthermore, the knowledge of the previous investi-
gations allows a more detailed discussion of the following results as these measurements
are performed at the same engine speed or comparable ambient conditions.
In order to achieve thermodynamically relevant measurements, the fuels have previously
been investigated in the corresponding thermodynamical single-cylinder engine (see [96]).
As a result, it is known for each fuel which parameters of injection timing, duration, rail-
pressure and end-of-compression conditions (including exhaust gas recirculation) need to
be applied to achieve n = 1500 rpm, IMEP = 6.8 bar, constant center of combustion and
≈ 100 ppm engine out NOx-emissions at the thermodynamical engine. Table 7.3 shows
the corresponding operating parameters as well as the heating value and cetane number of
the five fuels investigated in this chapter. It can be seen that the start-of-energizing (SOE)
before top-dead-centre (BTDC) advances with decreasing cetane number. Therefore, the
low reactivity fuel BLT provides an increased mixture formation time but still achieves
50% fuel conversion at the same °CA position as the other fuels (see appendix chapter
10.1). Moreover, it is seen that the duration of energizing (DOE) does not necessarily
scale with the heating value due to differences in fuel viscosity and therefore injection
behavior as described earlier.
Table 7.3: Fuel properties and operating conditions of the investigated fuels for n = 1500
rpm and IMEP = 6.8 bar and Cnox = 100 ppm
diesel n-decane n-heptane 1-decanol BLT
Heating value / MJ/kg 42.9 44 41.9 38.9 32.1
Cetane number / - 56.5 78 54.4 50 33
pRail / bar 905 905 905 905 905
SOE / °CA BTDC 5.7 5 6 6.3 11.5
DOE / µs 415 423 458 445 516
EOE / °CA BTDC 1.96 1.2 1.87 2.3 6.85
The adaption of the given operating parameters to the optically accessible single-cylinder
diesel engine (OSCE) is described in chapter 5.2. However, it still needs to be recalled
that the OSCE is equipped with a realistic ω-shaped piston bowl and operated for 100
successive cycles to improve the comparability to the thermodynamical engine even more.
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The experiments in this chapter are performed using the OH*-Vis measurement technique
(see chapter 6.4). Therefore, the results provide information about the physico-chemical
ignition, stoichiometric stratification and soot formation tendency in dependency on the
investigated fuel and applied in-cylinder flow-field conditions. The flow-field conditions
are adjusted by filling port deactivation (FPD). As shown in chapter 7.1, the FPD results
in earlier swirl centering, increased flow-velocities and improved reproducibility in early
compression and expansion (see chapter 7.1). In order to investigate the fuel-dependent
effects first, chapter 7.3.1 shows the OH*-Vis results of all experiments performed without
FPD an therefore reduced in-cylinder charge motion. The effect of FPD will be shown
by the comparison of the results in chapter 7.3.1 and 7.3.2.
7.3.1 OH*-Vis investigations without FPD
In figure 7.11 the results of the OH*-Vis measurements for all fuels investigated without
FPD are given for as a function of °CA. Here, all images are separated into the left half
showing the left half of the OH* signal averaged from cycle 30 to 80 and the right half
showing the right half of the corresponding soot luminosity signal. This is feasible since
the averaged images of both signals are nearly symmetric to the central point of the image
(see Reference [95]). Therefore, this method of presentation provides a direct comparison
of the temporal and spatial development of both signals without loss of information. The
resulting perspective through the piston bowl is identical to the flow-field images shown
in chapter 6.2 with intake valves in the upper half and exhaust valves in the lower half of
the image. The number at the top of each image indicates the corresponding colormap
scaling factor that has been used to improve the visibility of the given image. Therefore,
a low scaling factor corresponds to a low overall signal intensity and vice versa. As this
colormap modification might influence the subjective impression, the absolute values of
spatially averaged signal intensity are given at the bottom of each image. Moreover, the
temporal signal development of the spatially averaged signal intensity over °CA positions
and cycles will be discussed in figure 7.12.
In the first row of figure 7.11, the OH*-Vis results at α= 2 °CA ATDC are shown. Here,
the local OH* signal intensities of diesel, n-decane, n-heptane and 1-decanol are compar-
atively low at averaged intensities of Iavg OH = 14 - 23 counts. This is due to the fact that
the injection of these four fuels starts at around α= 5 °CA BTDC as shown in table 7.3.
Therefore, the conversion of these fuels is comparable at approximately 5% at this point
in time. In relation to the spray targeting it can be seen that the chemiluminescent areas
are shifted clockwise due to flow-field interaction. For the first four fuels, the shortest
distance between the nozzle and the OH* emitting area is found in the case of n-decane
combustion, which agrees well with the LOL-results of the OH*-shadow measurements
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Figure 7.11: Cyclically averaged signals of the OH*-Vis measurements of various fuels at
n = 1500 rpm, IMEP = 6.8 bar without filling port deactivation as a function of °CA
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at the corresponding operation point (see figure 7.9)1. In consequence, the increased
reactivity of n-decane results in an impaired mixture formation, which later-on causes an
increased soot formation tendency due to less space and time for turbulent air entrain-
ment upstream of the PPRZ. Due to the low overall signal intensity, scatterlight effects
are expected to be negligible for the first four fuels at this point of time.
In contrast, the OH* signal of BLT is more homogeneous and significantly brighter than
for the other fuels (Iavg OH = 116 counts). This is caused by the increased mixture for-
mation time as a result of the low cetane number and advanced start of energizing to
achieve a constant center of combustion as shown in table 7.3 and figure 10.1. (It will be
shown later that the applied 8-hole injector takes approximately 550µs to close after the
end of energizing. Therefore, the injection of BLT is finished for approximately t = 420 µs
at this °CA position.) The increased ignition delay results in improved homogenization
and partially premixed combustion [21, 87]. The fact that the maximum intensities are
located at a distance of half the radius of the piston bowl is due to ω-shaped piston bowl
design shown in figure 5.2, which redirects the spray-individual mixture clouds along the
bottom of bowl back to the centerline [89]. The fact that the zones of maximum OH*
intensities are located leewards of the spray targeting (i.e. down-stream with respect to
swirl direction) is again caused by the interaction with the in-cylinder flow-field.
At this early stage of combustion, none of the flames emits soot radiation since the for-
mation of soot requires time. This time requirement results from the two subsequent
steps of partial fuel oxidation in the partially premixed reaction zone (PPRZ) and the
following agglomeration of hydrocarbon fragments in the soot precursor formation zone
(SPFZ) [16,21,26,42] (see chapter 2.1.4). In consequence, the absence of soot radiation
during the early state of combustion does not indicate the absence of rich reaction zones.
At α= 3 °CA ATDC, which is shown in the second row of figure 7.11, a continuous OH*
radiating zone is built up along the piston bowl curb with diesel, n-decane, n-heptane and
1-decanol. Note that the first three fuels are displayed with an scaling factor of X = 1 and
1-decanol is shown with a factor of X = 2. Therefore, it can be seen that the intensity of
the OH* radiating areas increases from diesel with Iavg OH = 49 counts over n-decane and
n-heptane to 1-decanol with Iavg OH = 149 counts. These differences can be explained by
the beneficial effects of decreased chain length (comparison of n-decane to n-heptane)
and increased oxygenation (comparison of n-decane to 1-decanol) (see chapters 2.1.1 and
2.2.4). However, it needs to be noted that the detected intensity is also influenced by
signal attenuation due to soot deposition of the optical access with increasing number
of cycles. Therefore, especially the OH* signal intensity of diesel and n-decane might be
underpredicted. The discussion of signal development in consecutive cycles will follow on
1Remember that the TDC conditions at n = 1500 rpm, IMEP = 6.8 bar are closely comparable to the first chamber
operation point with pamb = 50 bar and Tamb = 800 K (see table 5.2)
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page 80. Beside this, the liquid droplets of fuel injection for diesel, n-decane, n-heptane
and 1-decanol are visible in the central region of the OH* images due to scatterlight
illumination from the surrounding reaction zone. Comparable scatterlight illuminations
are also found in [16, 25, 30, 33, 42, 58, 64, 107]. In chapter 6.1 it has been explained that
the scatterlight intensity depends on illumination intensity and droplet diameter. Here,
the illumination from the radiating areas differs from fuel to fuel in intensity and location.
Therefore, the smallest droplets that are still visible by scatterlight can differ in size for
each fuel. Consequently, the visible spray cone lengths only provide a lower approximation
for liquid spray penetration [95]. However, it is known from the OH*-shadow measure-
ments that none of these fuels will achieve liquid impingement at the piston surface (see
figure 7.6)1. Furthermore, it can be seen that the injection of all four fuels is still ongo-
ing at α= 3 °CA ATDC although the end of energizing was approximately 550 µs earlier
as shown in table 7.3, which demonstrates the relatively slow injector closing behavior2.
The lines of spray targeting are omitted to improve visibility as the lines would cover the
scatterlight signals. The OH* signal of BLT provides significantly higher signal intensities
of Iavg OH = 640 counts and a homogeneous ring-structure over the complete field of view
without a direct correlation to the injector targeting. This is due to the improved homog-
enization prior to ignition as described earlier [21, 87]. Due to the higher intensities of
Iavg OH = 640 counts, the colormap of BLT scales from 0 to 1000 counts as indicated by
the scaling factor of X = 5.
Regarding soot, first soot radiating regions are equidistantly aligned along the piston bowl
curb with diesel combustion. In relation to the spray targeting these regions are located
between the points of theoretical spray impingement [85, 89]. The droplet shaped inten-
sity distribution indicates that the soot formation zone of each spray cone is deflected
leewards by the in-cylinder flow-field motion, which is rotating clockwise in this perspec-
tive. The first appearance of soot radiation with diesel can be explained by the aromatic
fuel component and the temporal overlap of injection and combustion [16]. The influence
of the aromatic fuel components is supported by the fact the n-heptane and n-decane
achieve almost the same gaseous mixing length (i.e. lift-off - liquid penetration) (see
figure 7.9) and therefore comparable initial mixture qualities but do not yet provide soot
radiation at this °CA position.
In the third row of figure 7.11 the detected signals are shown at α= 4.5 °CA ATDC.
Firstly, the absence of scatterlight signals in the vicinity of the injector nozzle shows
that the injection of the first four fuels is finished at this time. Furthermore, it can
be seen that the OH* and luminosity signals can be separated into three classes. The
first class, which includes n-decane and diesel, shows continuous ring structures of soot
1Remember that 1-decanol could not be investigated at the HPC due to its high viscosity (see table 4.1)
2The duration of 1°CA equals t = 111µs at n = 1500 rpm
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radiation and OH* chemiluminescence along the piston bowl curb. It is recalled that OH*
is a strong oxidator for soot, which inhibits the simultaneous emission of soot radiation
and OH* chemiluminescence from the same region in theory [21]. However, the given
data is a planar projection of the spatial combustion process [21, 89]. Consequently, rich
and near-stoichiometric reaction zones can be positioned in different heights and the
simultaneous detection does not necessarily indicate soot radiation at OH* wavelengths.
In detail, the OH* signals of diesel and n-decane are closely comparable in expansion
and intensity of approximately Iavg OH = 52 counts. Yet, the comparison to the previous
time-step shows a slight expansion but decreasing OH* intensities in the region near the
piston bowl curb. Due to the fact that all of the OH* and soot radiation images of one
fuel are derived from the very same experiments and combustion cycles, the decreasing
OH* chemiluminescence between these two time steps can be correlated to the end of
premixed reactions in the outer piston bowl region following [78]. This argumentation
is supported by the simultaneous and significant increase in soot-radiation in the outer
piston bowl region [89] for these two fuels. Here, the locations of maximum soot radiation
intensities are still located between the points of theoretical fuel impingement. However,
the overall radiation signal of diesel exceeds the signal of n-decane by a factor of two as
seen at the averaged intensities.
The fuels of the second class, n-heptane and 1-decanol, achieve significantly higher OH*
intensities of around Iavg OH = 320 counts. This significant difference in comparison to the
fuels of the first class can be influenced by the decreased chain-length of n-heptane and
molecular oxygenation of 1-decanol in comparison to n-decane. Furthermore, the first soot
radiating regions of these two fuels appear at the piston bowl curb. Here, the comparison
of the soot radiating signal of 1-decanol at α= 4.5 °CA ATDC and the soot radiating signal
of diesel at α= 3 °CA ATDC shows identical locations of the initial soot formation zone.1
Therefore, it can be concluded that the soot formation is most dominantly influenced
by the combustion process and combustion chamber geometry [89]. Nevertheless, the
comparison of the fuels of class two to n-decane at α= 4.5 °CA ATDC demonstrates a
significant temporal delay of soot radiation formation as a result of decreased alkane chain-
length and an even larger effect in case of molecular oxygenation. The general observation
of reaction initialization at the piston bowl curb and deflection or expansion toward the
combustion chamber center is also seen [78, 83, 89] for common diesel-operation. In
contrast, the more premixed combustion of BLT, which is the only fuel in class three,
achieves a homogeneous signal distribution earlier in the cycle. Therefore, only changes in
overall signal intensity influenced by the decreasing ambient temperatures and pressures
are expected.
1It is noted that this observation is also valid for n-decane at α= 3.5 °CA ATDC and n-heptane at α= 4 °CA ATDC,
which are not shown in figure 7.11 to keep brevity.
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At α= 5.5 °CA ATDC, the OH* signals of all fuels except BLT show the formation of near
stoichiometric reaction zones along the former spray axis. In general, this process can
be explained by the relatively slow injector closing behavior mentioned earlier. Musculus
et. al [30] showed by LIF measurements at a purely N2 aspired engine that slow injector
closing causes the formation of mixture clouds along the axes due to the increasing
throttling during needle closing. Since a flame front propagation of approximately 10 mm
in 222 µs in this set-up would require a turbulent flame speed of v = 45 m/s, this expansion
can not be caused by flame front propagation but by multiple auto-ignition reactions inside
the mixture phase cloud as shown in [95]. Comparable mixture structures are also seen in
the data provided by Taschek et al. [83]. The part of this centrally positioned mixture that
is not converted due to overmixing is a potential source for unburnt hydrocarbons [30,108].
The soot radiating signals of the second class fuels still show individual kernels of increased
radiation intensity, which can be correlated to the individual spray cones. However,
these kernels merge into a circular structure with increasing time and expansion of these
areas [89] as seen in the case of the fuels of the first class, diesel and n-decane.
From α= 12 °CA ATDC onward the intensities of OH* chemiluminescence and soot lu-
minosity decrease in intensity due to the decreasing in-cylinder pressure, temperatures
and soot oxidation. Here, it can be seen that the peak soot radiation intensity decreases
from diesel and n-decane over n-decane to 1-decanol. (The structural lines in the im-
ages of diesel, n-decane and n-heptane only derive from the used image intensifier.) In
relation to the larger temporal delay of soot radiation formation in the case of 1-decanol
it can be concluded that - in this configuration - the effect of molecular oxygenation is
more beneficial to decreased soot formation than the decreased alkane chain length of
n-heptane. However, the most important observation is the almost complete absence of
soot radiation in the case of BLT combustion. Due to the fact that the operation condi-
tions are representative for IMEP = 6.8 bar, the in-cylinder temperatures must have been
sufficient to provide soot radiation if particles had been formed. Consequently, it can
be concluded that the combined effect of increased molecular oxygenation and improved
mixture preparation due to the dwell of approximately dt = 360µs between injector clos-
ing and first appearance of second-stage OH* chemiluminescence at α= 1.5 °CA ATDC
inhibits the in-cylinder soot formation although the OSCE is operated with simulated EGR
for 100ppm NOx raw emissions. The minor soot-radiation signal of BLT in the vicinity
of the injector nozzle at α= 12 °CA ATDC is most probably due to fuel droplets that
exit the micro sack due to the decreasing in-cylinder pressure. Similar radiation signals
are also shown by [33, 83, 105]. Needle bouncing is unlikely to cause this effect as the
injector needle is closed for 1.5 ms at this °CA position in BLT operation. The following
near-stoichiometric oxidation of these droplets is only seen in single-shot images as the
droplet positions are not reproducible from cycle to cycle.
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It has been mentioned earlier that especially the OH* radiation of the strong sooting fuels,
diesel and n-decane, is attenuated by soot depositions at the transparent piston bowl. In
order to determine the signal development over °CA and recorded cycles, the spatial
integration or averaging of the detected signal and presentation as a function of °CA
position or time after injection is widely used in the literature [19, 29, 76, 78, 84, 91, 105].
As a result of the high temporal resolution of the OH*-Vis measurement technique, the
spatially-averaged radiation intensities of both signals are given as a function of °CA and
the cycle number in figure 7.12. Due to the absence of soot radiation in the case of BLT
combustion, only the spatially averaged OH* radiations of this fuel is shown. The order of
cycles is indicated by the line color following the legend, whereas only every second cycle
is shown to improve visibility. Moreover, it is recalled that the first 30 cycles are excluded
from post-processing due to the required time for operation point stabilization. Therefore,
the line of the thirtieth cycle of each measurement is highlighted in red. Additionally, the
time steps shown in figure 7.11 are indicated by dashed vertical lines.
In the case of diesel combustion, which is shown in the first row of figure 7.12, it can be
seen that the overall OH* and soot radiation intensities decrease with increasing number of
fired cycles. This attenuation is due to the strong sooting tendency, which results from the
aromatic fuel content and overlapping injection and combustion. However, it can be seen
that the temporal development of OH* radiation over °CA with minor intensities in early
expansion and maximum intensities around α= 12 °CA ATDC is consistent throughout all
recorded cycles. Therefore, the detected radiation intensities of diesel combustion shown
in the left column of figure 7.11 underpredict the emitted radiations due to attenuation but
represent the overall signal development over °CA for early and late combustion cycles. In
detail, the decreasing intensities of the spatially averaged OH* radiation from the second
to the third dashed line indicate the end of premixed burn following [78] as described for
figure 7.11. The OH* peak at the forth dashed line results from the formation of near
stoichiometric reaction zones along the spray axes around α= 5.5 °CA ATDC.
In the second row of figure 7.12, the spatially averaged intensities from the experiments
with n-decane are shown. It can be seen that the OH* signal intensity in the first
cycles as well as the signal attenuation during the later cycles is weaker in the case
of n-decane combustion in comparison to diesel. The weaker signal intensity can be
explained by richer combustion due to the significantly higher cetane number of n-decane
shown in table 7.3. The weaker attenuation might be a result of the absence of aromatic
fuel components. Therefore, the comparable intensities of n-decane and diesel shown
in figure 7.11 are a result of minor emissions but lower attenuations in the case of n-
decane. Nevertheless, the temporal signal development over °CA with maximum radiation
intensities around α= 12 °CA ATDC is closely comparable for diesel and n-decane, which
supports the classification introduced earlier.
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The fuels of the second class, i.e. n-heptane and 1-decanol, are shown in the third and
fourth row of figure 7.12. The spatially averaged signals of these fuels differ from those
of the previous two fuels in three aspects. Firstly, it can be seen that first peak of OH*-
chemiluminescence shifts significantly (to earlier °CA positions) during the first thirty
cycles. This effect is explained by increasing in-cylinder temperatures and operation
point stabilization and underlines the importance of continuous operation for realistic and
steady-state engine operation. After the thirtieth cycle, the combustion phasing is fairly
constant. Secondly, after operation point stabilization, the first OH*-chemiluminescence
peak of n-heptane and 1-decanol is more prominent and located at a later °CA position
than in the case of diesel and n-decane. Due to the fact that a initial decrease in OH*-
chemiluminescence can be correlated to the end of premixed combustion [78], this curve
shape with more pronounced premixed burn spike indicates a higher amount and longer
period of premixed combustion in the case of n-heptane and 1-decanol. The increased
period of premixed reactions can be explained by less oxygen required for the oxidation
of n-heptane or 1-decanol in comparison to the combustion of n-decane. Thirdly, the
averaged intensities of soot radiation increase with the number of recorded cycles. In
general, the increasing soot radiation is influenced by increasing in-cylinder temperatures
and decreased mixture formation time due to operation point stabilization (point 1).
The fact that the detected intensities increase with the number of firing cycles indicates
that the temporal signal amplification exceeds the effect of signal attenuation by soot
deposition. Furthermore, it can be seen that the appearance and development of the
soot radiation signals of n-heptane and 1-decanol are temporally retarded in comparison
to diesel and n-decane. This beneficial effect of the decreased alkane chain length and
molecular oxygenation can also be seen in figure 7.11. Assuming that the °CA dependent
in-cylinder temperatures of these experiments after operation point stabilization do not
differ significantly from fuel to fuel due to the constant operation point and center of
combustion and that the signal attenuation for n-heptane and 1-decanol are negligible,
the soot radiation intensity can be used as a qualitative indicator for in-cylinder soot
concentration [43]. Therefore, it can be concluded that the beneficial effect of molecular
oxygenation exceeds the effect of decreased chain length.
The most significant effect of operation point stabilization during the first thirty cycles
is shown in the curves BLT OH* chemiluminescence given in the last row of figure 7.12.
In table 7.3 it can be seen that the start of energizing in the case of BLT injection
is at α= 11.5 °CA BTDC to compensate for the low cetane number of CN = 32.1. In
consequence, the ignition is decoupled from injection and therefore more dominantly
influenced by the ambient conditions. Moreover, the enhanced dwell between the end of
injection and the start of ignition leads to increased premixing and consequently stronger
premixed burn-spike in the OH* signals.
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7.3.2 OH*-Vis investigations with FPD
In figure 7.13 the OH*-Vis results of the experiments performed with FPD are shown in
the same perspective and order as the images shown in figure 7.11. At α= 2 °CA ATDC,
which is shown in the top row, diesel, n-decane, n-heptane and BLT achieve higher OH*
intensities in comparison to the configuration without FPD. This can be explained by
improved mixture formation as a result of higher tangential velocities and therefore en-
hanced air entrainment in case of the FPD configuration as described in chapter 7.1. The
experiment with 1-decanol and FPD required more cycles for operation point stabiliza-
tion1. In order to provide a good comparability in terms of thermodynamic operations
and statistical basis, the given results of 1-decanol are averaged from cycle 50 to cycle
100 (instead of averaging from cycle 30 to cycle 80). The increased number of com-
bustions prior to the start of post processing only causes a slightly stronger attenuation
of the OH*-chemiluminescence in this experiment. With n-decane and FPD the OH*
radiating areas are located closer to the nozzle, which can be explained by the enhanced
entrainment of air. As a result, the liquid droplets of injection are already illuminated
by scatterlight at this early °CA position. As described earlier, the short lift-off will re-
sult in decreased mixture formation time. If the effect of decreased mixture formation
time exceeds the effect of enhanced air entrainment, the mixture stoichiometry inside the
partially premixed reaction zone will be impaired, which can increase the soot formation
tendency. The largest absolute increase of OH* intensity as a function of FPD is seen
with the partially premixed combustion of BLT with ∆Iavg OH = 146 counts. Although
the OH* signal of BLT is partially influenced by staining - visible as the steady circular
line in the images caused by improper cleaning prior to the experiment - it can be seen
that OH* radiating reaction zones of BLT are less defined in the case of FPD. This can
be explained by the stronger interaction between in-cylinder flow and the mixture cloud
shown by [21] in the case of FPD.
At α= 3 °CA ATDC, which is shown in the second row of figure 7.13, the OH* radiation
intensity of diesel, n-decane, n-heptane and 1-decanol is sufficient to illuminate the liquid
droplets of injection. Although the orientation of the liquid spray cones remains unaf-
fected, the OH* chemiluminescent areas of all of these fuels are deviated from the spray
orientation in leewards direction as a result of flow-field interaction. Moreover, the spa-
tially averaged OH* intensity signal of BLT at α= 3 °CA ATDC with FPD is smaller than
in the case without FPD. Due to the fact that the averaged intensity at α= 2 °CA ATDC
is larger in the case of FPD, the earlier decrease in signal intensity indicates a more rapid
conversion as a result of improved mixture formation.
1A measurement with better operation stability could not be recorded due to a damage to the intake conditioning
system prior to finishing the experiments
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Parallel to this, the combustion of diesel emits the first signals of soot radiation. The
location of the initial soot radiating reaction zones is fairly identical to the configuration
without FPD. However, the comparison of spatially averaged intensities shows that FPD
results in increased detected soot radiation intensities, which is initially surprising as the
enhanced air-entrainment improves the mixture formation and therefore reduces the soot
formation tendency at this operation point [101]. However, it is known that FPD causes
a minor cyclic signal attenuation by decreased formation of deposits at the optical ac-
cess. Moreover, soot radiation intensity is a function of temperature (see chapter 6.1).
Therefore, the increased detected intensity can be explained by decreased attenuation
and increased temperatures due to improved mixture formation and enhanced conver-
sion. The observation of increased intensity of the initial soot radiation signals is also
true for n-decane at α= 3.5 °CA ATDC (26 counts wFPD, 24 counts woFPD) and for n-
heptane at α= 4 °CA ATDC (29 counts wFPD, 17 counts woFPD), which are not shown
in figure 7.13 to remain brevity.
At α= 4.5 °CA ATDC, which is shown in the third row of figure 7.13, the initial soot
radiation signals of 1-decanol appear. Moreover, the droplet shaped signal distributions
of the soot radiation of diesel, n-decane, n-heptane and 1-decanol show that the soot
formation zone of each spray cone nearly reaches the theoretical point of impingement
of the neighboring spray. Therefore, it can be concluded that the stronger in-cylinder
flow-field causes a larger leewards deflection of the soot formation zone in relation to
the theoretical point of fuel impingement as a result of increased flow-field velocities
and enhanced mixture stoichiometry. The OH* signal distributions at this °CA position
are closely comparable to the first configuration with the absence of scatterlight in the
vicinity of the nozzle due to injector closing. Furthermore, the decreasing OH* intensities
near the piston bowl curb for diesel and n-decane indicate the change of stoichiometry
in this region comparable to the configuration without FPD. The increased intensities of
OH* radiation along the spray axis are influenced by improved mixture formation during
injection and decreased deposition at the piston bowl. With BLT, the trend of decreased
OH* intensities as a result of FPD continues to the end of combustion.
During the later °CA positions of combustion, the formation of near stoichiometric re-
action zones along the former spray cone axis is also detected around α= 5.5 °CA ATDC
with FPD. In contrast to the first configuration, the increased in-cylinder flow causes a
larger deflection and stronger deformation of these reaction zones in clockwise direction.
At α= 12 °CA ATDC all fuels achieve lower spatially averaged soot radiation intensities
in comparison to the measurements without FPD. It is recalled that the experiment of
1-decanol is averaged from cycle 50 to 100 due to the longer period required for operation
point stabilization.
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Figure 7.14: Spatially averaged OH* and soot radiation as a function of °CA and cycle
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This effect is caused by the imperfect operation stabilization of 1-decanol. In figure 7.14
is can be seen that the first peak of spatially averaged OH* intensity shifts to earlier °CA
positions and decreases in intensity, which indicates a decreased amount of premixing
and mixture formation time. Consequently, the significant increase in soot luminosity
over consecutive cycles during the experiment with 1-decanol and FPD is partly influ-
enced by the continuous decrease in mixture formation time. However, it is recalled that
during the experiments without FPD the beneficial effect of molecular oxygenation (com-
parison between n-decane and 1-decanol) exceeded the effect of decreased alkane chain
length (comparison between n-decane and n-heptane). Moreover, FPD shows a beneficial
effect concerning decreased signal attenuation for diesel, n-decane and n-heptane, which
achieved proper operation point stabilization for all experiments. Therefore, it is expected
that the beneficial effect of 1-decanol and FPD in terms of decreased soot formation would
exceed the corresponding effect of 1-heptane in case of proper operation point stabiliza-
tion. Although this cross-effect is unpleasant, the most important observation from these
experiments is the fact the measurements with BLT show no soot radiation at both filling
port configurations.
Therefore, it can be concluded that the effectiveness of modified fuel properties in terms
of molecular oxygenation and decreased reactivity on decreased in-cylinder soot formation
exceeds the effect of modified in-cylinder flow-field motion significantly. As long as only
the modification of fuel properties is insufficient to avoid soot formation completely, the
additional increase of in-cylinder flow-field motion shows beneficial effects. However, as
soon as the modified fuel properties are sufficient to avoid the in-cylinder soot formation
(BLT without FPD), the additional increase in flow-field motion provides no additional
benefit (BLT with FPD).
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7.4 Flame surface temperature quantification by S3P
The investigations up to this point provide detailed information about the mixture for-
mation, ignition, flame propagation and stoichiometric stratification of various fuels with
the aim of decreased soot-formation. However, it is known that the partially-premixed or
soot-free operation range is currently limited due to noise, operation stability or required
premixing [66]. Furthermore, the results of chapter 7.2 show that the soot formation
tendency increases with ambient temperatures and pressures due to impaired mixture
formation quality as a result of decreased ignition delay and lift-off (see chapter 2.1.4).
Therefore, the conventional combustion process with significant amounts of initial soot-
formation stays relevant for full-load operation [17]. As this process suffers from the sys-
tematic trade-off between soot-oxidation and NOx-formation close to the diffusion-flame
layer (see chapter 2.1.5), it is of great importance to understand the effects influencing
the diffusion-flame surface temperatures.
In order to investigate the temperature, topology, emissivity and temporal development
of the diffusion-flame layer, the stereoscopic 3-color high-speed ratio-pyrometry (S3P)
has been developed in the context of this thesis (see chapter 6.5). As this measurement
technique requires optically opaque flames for unambiguous signals, the experiments in
this chapter are performed with common diesel-fuel and at increased ambient tempera-
tures as shown in table 7.4. Furthermore, the injector is equipped with larger nozzle-hole
diameters of dnozzle = 140µm (instead of dnozzle = 109µm) to enhance soot formation
(see chapter 2.2.2). Although the requirements for flame surface opacity limit the range
of experimental variations, it is assumed that the validity of the following observations is
independent of the stage of opacity.
Table 7.4: Parameter variations of the flame surface investigations
Ambient gas conditions of Rail Actuation
Parameter pressure, temperature, density pressure duration
Variations 188 bar, 1800 K→ 38.3 kg/m3 1900 bar 0.4 ms
100 bar, 1900 K→ 38.7 kg/m3 1800 bar 0.6 ms
111 bar, 1000 K→ 38.7 kg/m3 0.8 ms
1.0 ms
The presentation of results starts with the exemplary cycle shown in chapter 6.5 with
ambient conditions of pamb = 88 bar, Tamb = 800 K, tact = 1 ms and pRail = 900 bar. Based
on these results the dependency between temperature, topology and emissivity as well
as the temporal development of these values are explained. After this the results are
stepwise generalized to achieve a comparison between the different operation points that
are given in table 7.4.
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The first expected dependency of the S3P results is that exposed areas of the flame can
achieve higher surface temperatures due to the increased contact surface with the sur-
rounding air. Therefore, the graphs in figure 7.15 show the surface temperature plotted
over the radial distance to the spray axis (r) as well as the temperature plotted over the
axial distance to the spray axis (x). To improve the statistical reliability, these graphs
include the individual measurement points (pixels) of all 20 recorded cycles from this op-
eration point and given time step at t = 2.6 ms after start of injection (aSOI)1. Therefore,
the correlations in figure 7.15 are based on 246865 individual data points. The general
dependencies of these data points are indicated by a 2nd-order least-square best-fit ap-
proximation curve plotted in black. Furthermore, the corresponding standard deviation of
the measurement points to the best-fit approximation is indicated at the right y-axis. The
gray-line in the right graph of figure 7.15 is thinner as the axial distances to the injector
nozzle are only present in discrete steps due to the optical resolution of 0.2415 mm/Pixel.
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Figure 7.15: Dependency between topology and temperature for the exemplary cycle
The even scattering around the nearly horizontal best-fit curves in both graphs of figure 7.15
shows that lower and higher temperatures likewise appear in short and long distances to
the spray axis or injector nozzle. This result fits to the exemplary single-shot images
shown in figure 6.17, in which the intermediate peaks of the flame topology do not differ
significantly from the surrounding temperature profile. In consequence, the temperature
gradients shown in figure 6.17 need to be caused and influenced by other parameters than
just the surface topology. An additional observation that can be made at figure 7.15 is
that the temperature quantification (and therefore soot-radiation detection) starts at a
distance of x = 50 mm from the nozzle. This is due to the time and space required for
soot formation, which results in the soot lift-off shown in figure 6.5.
1It will be shown that the surface temperature and topology change with time. Therefore, a correlation with
measurement points from different time steps would be influenced by the temporal transiency
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The second expected result is that the flame surface changes with time. To demonstrate
this effect, figure 7.16 shows the temporal development after SOI of the temperature
(T) derived from Q( 694 nm
800 nm
), the average temperature of all three applied intensity ratios
(Tmean), the differences between the temperatures of Q(
694 nm
800 nm
) and Q( 694 nm
905 nm
) (∆T), the
optical density (ρopt), as well as the axial distance to the nozzle (x). The data is derived
from the exemplary cycle shown in figure 6.15 and 6.17, which provides 31 individual time
steps in total. Therefore, the correlations in this figure are based on 225168 individual
measurement points and cover a measurement period of t = 3.1 ms (frecord = 10 kHz) in
this cycle1. Again, the individual measurement points are indicated by red dots and the
corresponding 2nd-order least-square best-fit approximation of all points is given by the
black line. Additionally, the average and corresponding standard deviation values of each
individual time step is indicated by the yellow x-symbol and error-bars. The gray line at
the bottom of each graph shows the difference between the average value and the best-fit
approximation at the given time step indicated by the right y-axis.
In general, it can be seen in figure 7.16 that the radiation appears at t = 1.2 ms ASOI
due to the required time for soot formation. From this point in time to t ≈ 2.5 ms ASOI,
the surface temperature stays fairly constant at around T = 2300 K. The minor standard
deviation values of the time-step individual temperature calculations (indicated by the
yellow error-bars) show that the majority of measurement points are within the given
temperature range. In consequence, the measurement points that show significantly
higher temperature values are only outliers. The reliability of the results in this time
period is further indicated by the temperature differences, which do not exceed values of
∆T> 200 K in average during this period. Furthermore, the flame expands, which can
be seen by the increasing average distance to the spray axis. Parallel to this, the optical
density of the flame, which is calculated by equation 6.22, slightly increases2.
After t = 2.5 ms ASOI, the flame starts to burn-out as the injector needle falls back into
its seat. During this period, the temperature differences increase as the flame can locally
lose its optical opacity, which is required for unambiguous signals. As a result, the S3P
measurement technique loses a bit of its accuracy during this burn-out period but still
provides temperature differences of ∆T< 400 K in average. Therefore, a part of the
temperature increase during the burn-out period can be due to the decreased accuracy.
However, a the part of the detected temperature increase exceeds the range of inaccuracy.
Therefore, at least this part of the temperature increase is assumed to be reliable and
might be explained by a decreased energy requirement for fuel evaporation during injector
closing. An additional explanation of this temperature increase will be given at the end
of this chapter.
1The time step of the exemplary single-cycle image in figure 6.15 is right next to the central reference line.
2The dependency between the temperature and the optical density will be explained at the end of this chapter
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Figure 7.16: Temporal S3P-signal development of the exemplary cycle
Figure 7.17 shows the best-fit approximation curves of all 20 cycles of the given operation
point plotted in black to demonstrate the cyclic development and reproducibility. The
red line in each graph indicates the best-fit approximation of the individual best-fit curves
and the gray line provides the corresponding standard deviation. Here, it can be seen that
especially the overall temperature developments achieve a significant cyclic reproducibility.
Moreover, it can be seen that the S3P detects the flame surface temperature of each cycle
with an accuracy of ∆T< 200 K as long as the flame is optically opaque (t< 2.5 ms ASOI
at these conditions). Therefore, it can be concluded that the overall surface temperature
at the given ambient conditions shows no cyclic fluctuations but a slight increase over
time ASOI as explained previously. Furthermore, the point that the overall distance to the
spray axis and therefore the flame surface topology provides cyclic fluctuations shows once
again that the temperature and topology are not coupled by a close causal dependency.
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Figure 7.17: Temporal S3P-signal development of all cycles of the exemplary experiment
Due to the fact that the given results show a proper cyclic reproducibility, the best-fit
approximations based on the cyclic-individual curves are used to show the general temporal
developments of the operation points given in table 7.4. Therefore, the other operation
points are post-processed in the same way as the given example. The intermediate results
are identical to the given example and therefore omitted to remain brevity.
Figure 7.18 shows the temporal developments of the described parameters of all experi-
ments performed with decreased rail-pressure (see table 7.4). Here, the line-color changes
with ambient condition. As all three conditions are (nearly) identical in ambient density
(see table 7.4), the given results show the effect of ambient temperature 1. To improve
the visibility (and to be consistent with the following figure), the different actuation du-
rations are not indicated by additional markers but can easily be identified as the ending
point of each curve directly correlates with the actuation duration. Moreover, the graphs
in the top row of figure 7.18 are given with a modified y-axis scaling.
1T = 1000 K is the maximum temperature of the HPC test-bench (see chapter 5.1)
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Figure 7.18: Temporal S3P-signal development of all experiments with pRail = 900 bar
The graphs in the top row of figure 7.18 provide three major results. Firstly, it can be
seen that the soot radiation (and therefore temperature detectability) appears latest in
the case of low ambient temperatures. This result perfectly meets the expectations from
the literature (see chapter 2.1.4) and the OH*-shadow measurements (see chapter 7.2) as
decreasing ambient temperatures provide increased lift-off and ignition delay. This results
in improved mixture formation and therefore retarded soot formation. Secondly, it can be
seen that the surface temperatures systematically increase with ambient temperatures. It
is assumed that this result depends on the increased starting temperatures and moreover
decreased thermal convection to the surrounding gas. Thirdly, the temperature curves
from each operation point start deviating to higher temperatures in the order of actuation
durations, whereas the minimum temperatures are around injector-closing. This indicates
a systematic influence on the surface temperature development by e.g. decreased evapo-
ration cooling. Again, the temperature increase during burn-out always exceeds the limits
of inaccuracy given by increased temperature differences.
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Figure 7.19: Temporal S3P-signal development of all experiments with pRail = 1800 bar
Figure 7.19 shows the S3P results of the measurement with pRail = 1800 bar
1. The com-
parison to figure 7.18 shows that decreased rail-pressure results in a temporally retarded
temperature increase during burn-out period. As the duration of injector closing is rail-
pressure dependent (see figure 7.5), this effect can not be correlated to the injector closing
only. However, the increased temperatures in the case of increased rail-pressure predom-
inantly appear at the tip of the flame, which is further downstream of the nozzle in this
case as a result of increased velocities and impulse. Therefore, it is assumed that hydro-
dynamic conditions in this region are different in case of increased rail-pressures2. Despite
of this, it can be seen that the overall radial distance to the spray axis (and therefore the
flame volume) decreases with increasing ambient temperatures3. This effect can depend
on the surface temperature if the rate of the oxidation reactions in the vicinity of the
diffusion-flame layer is temperature-dependent.
1Graphs with both pressures included are given in the Appendix in figure 10.5
2Furthermore, the periphal background calibration might also contribute to this result
3Remember that all ambient conditions are (nearly) identical in ambient density (see table 7.4)
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Figure 7.20: Dependency between optical density and temperature for the exemplary cycle
An effect that has not yet been discussed in detail is the dependency between the surface
temperature and optical density. The graphs of the figures 7.16 to 7.18 show that the
overall optical density decreases with increasing temperatures during the flame burn-
out. However, it is important to note that this effect can also be seen in the exemplary
single-cycle images in figure 6.17 and 6.18 (see page 50 and 51) as areas of increased
temperature provide decreased optical density and vice versa. To illustrate this effect,
figure 7.20 shows the temperature plotted over the corresponding optical density for all
points in the exemplary single-shot image in figure 6.15, all 20 cycles at this time-step
as well as all images of this cycle. Due to the distribution of measurement points, the
best-fit approximation is based on an exponential function.
In general, all three graphs of figure 7.20 show the same anti-proportional dependency
between temperature and optical density that is also seen in the plots of figure 7.16 to
7.18. It is recalled that the temperature quantification is not based on the detected
intensity but on the intensity ratios of three defined wavelengths (see equation 6.17).
In contrast, the calculation of the optical density is based on comparing the detected
intensity with the intensity that could have been detected in case of black body radiation
(see equation 6.22). Moreover, the system has been calibrated with a black-body radiator
and a tungsten ribbon-lamp and the measurement technique provides a temperature
redundancy of ∆T< 400 K in average. Therefore, it is unlikely that the given observation
results from major mistakes during measurement, calibration or post-processing.
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In general, the local optical density is a product of the relative soot concentration n(t,x,y)
and emissivity GB(t,x,y) following equation 6.17. Therefore, a decrease of the optical
density ρ(t,x,y) can be influenced by a decrease of the local relative soot-concentration, a
decrease of the local emission coefficient or a decrease of both parameters simultaneously.
The correlation between decreased local soot concentration on increased local surface
temperatures initially seems contradictorily since the particle oxidation provides the en-
ergy for increased temperatures1 and the particles are not assumed to significantly differ
in mass. However, the correlation between decreased concentration and increased tem-
perature but can be explained in correlation to the theoretical introduction in chapter 2.
In figure 2.1 and figure 6.5 it is shown that the diffusion flame layer is surrounded by a
cloud of hot combustion products. Furthermore, it is shown in figure 2.2 that these com-
bustion products propagate into flame as a result of diffusion and/or turbulent convection.
In consequence, the rich side of the diffusion flame is locally diluted, which explains a
dependency between the decreased local soot concentration and simultaneously increased
temperatures due to the hot combustion products entrained.
Aside of this, it is also assumed that the correlation between decreased optical density
and increased temperatures can also be influenced by variations of the particle properties
and therefore emission coefficient as well. In order to provide one possible explanation for
this mechanism, the conceptional idea of turbulent air-entrainment has been developed.
In general, it is known that the air-entrainment upstream of the partially premixed reaction
zone (PPRZ) is turbulent due to the high rail-pressures and therefore spray velocities. This
turbulence results in an alternation of periods with minor and major air-entrainment, which
are schematically illustrated in the upper and lower half of figure 7.212. In the case of
minor air-entrainment, the initial reactions appear in a slightly richer environment. As
a result of the increased oxygen deficiency, the initial oxidation reactions stop earlier
and larger HC-fragments exit the PPRZ. In the case that these large fragments can be
restructured to aromats and polycyclic aromatic hydrocarbons (PAH), the decreased air-
entrainment will result in the formation of more crystalline soot particles. Such crystalline
particles will most likely provide a decreased transmission coefficient, which results in
the necessity of an increased emission coefficient or emissivity. Simultaneously, such
crystalline structures would have a larger number of deeply embedded carbon atoms with
no direct contact to the surrounding air. Therefore, crystalline soot particles would be
oxidized with a decreased conversion rate, which in consequence would provide a possible
explanation for decreased flame-surface temperatures in case of high flame emissivity.
1Note that the radiation originates from the rich side of the diffusion layer and therefore shortly before oxidation
2In reality it is assumed that these two phases alternate frequently
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Figure 7.21: Illustration of the conceptional idea of turbulent air-entrainment at the
conceptional model of the diesel engine related mixture formation and combustion
In the other case, the major air-entrainment will cause minor oxygen deficiency inside
the PPRZ and therefore result in smaller HC-fragments available for soot formation. In
assumption that the smaller HC-fragments are less sufficient for PAH formation, the soot
particles in this case would more likely be formed by surface growth, which results in
more amorphous structures. Such amorphous structures have a higher transmittance
(and therefore decreased emissivity) but also provide less deeply embedded carbon atoms
and a larger contact surface with the surrounding air. Due to the improved accessibil-
ity, such amorphous structures could be oxidized with an increased conversion rate and
therefore increased (adiabatic) surface temperatures. This process might also explain the
increasing temperatures during burn-out. In assumption that the side vortices do not
directly disappear after injector closing due to their low friction, the stoichiometry inside
the PPRZ will get leaner with decreasing fuel-supply. Following the given concept, this
will result in the production of more amorphous soot and in consequence increasing flame
temperatures during burn-out period as seen in figure 7.16 to 7.18.
To summarize, this concept provides one possible explanation for the observed local de-
pendency between increased temperatures and increased emissivity in agreement with the
current state of theoretical fundamentals (see chapter 2). However, it is emphasized that
the concept and especially its intermediate part is based on hypotheses. Therefore, this
concept might be proved or disproved in future investigations.
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8. Summary and conclusion
The focus of this thesis was the experimental investigation of the diesel engine related
combustion process by optical diagnostics. Due to the initial literature survey, it was
known that the systematic trade-off between soot-oxidation and NOx-formation appears
in the vicinity of the diffusion-flame layer. This trade-off can be mitigated by various
measures for decreased soot-formation, which were classified into the modifications of:
injection strategy, end-of-compression conditions, air-entrainment and fuel characteristics.
However, the corresponding operating range is limited due to noise, operation stability or
required premixing [66]. As a result, the conventional combustion process, that suffers
from the soot-NOxtrade-off, stays relevant for full-load operation [17]. Therefore, this
thesis was focused on the investigation of decreased soot-formation in part-load and
improved understanding of the soot-oxidation in full-load operation.
The investigations for decreased soot-formation were performed with increased in-cylinder
flow-field motion and modified fuel-characteristics. The modification of the flow-field mo-
tion at the optically accessible diesel-engine (OSCE) is achieved by filling port deactivation
(FPD) while keeping the tangential port activated. The corresponding investigations in
chapter 7.1 show that FPD provides increased velocities, improved cyclic reproducibility
and earlier centering during early compression as well as increased velocities and improved
cyclic reproducibility in early expansion. Therefore, FPD is beneficial for the mixture for-
mation process in part-load operation as long as the decreased mass of air inside the
cylinder does not impair the stoichiometry of the combustion.
The initial investigations of the ten candidate fuels in chapter 7.2 have been performed
at the new high-pressure chamber test-bench (HPC) to exclude cross-effects of transient
ambient conditions. The part-load related results show that all fuels are fairly identical
regarding their global hydrodynamical development. Moreover, non of the fuels would
achieve liquid impingement at the piston of the OSCE. However, the fuels with 100- and
70 vol% 2-MTHF are not applicable at part-load conditions due to their irreproducible
self-ignition as a result of the stable circular structure of the 2-MTHF molecule. The full-
load experiments show that the lift-off (i.e. the axial distance between the nozzle and the
initial reaction zone) decreases faster than the liquid penetration with increasing ambient
conditions. As a result, the initial reactions in full-load operation appear in the rich envi-
ronment of the liquid spray vicinity. The increased soot formation tendency is strongest
in the case of un-oxygenated molecules with high cetane-numbers. As a result, a fuel
for decreased soot formation should provide a high and centrally positioned oxygenation
and a moderate cetane-number. Therefore, a blend of butyl-levulinate and tetra-decane
(BLT) is chosen as the most promising candidate for the main engine experiments.
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The main engine experiments in chapter 7.3 have been performed in variation of in-
creased flow-field motion and modified fuel properties. Therefore, the corresponding
results can be used to compare the effectiveness of these two measures regarding reduced
in-cylinder soot-formation. To achieve realistic conditions, all fuels have been investi-
gated at a predefined part-load operation point with constant center of combustion and
fuel-dependent EGR simulation for ≈100 ppm engine-out NOxemissions. Furthermore,
the OSCE has been equipped with a realistic ω-shaped piston bowl and operated for
100 successive cycles. Due to the simultaneous visualization of OH*-chemiluminescence
and soot-luminosity, the ignition, stoichiometric stratification and soot formation can be
investigated. The results show that the in-cylinder soot-formation is inhibited almost
completely by the combustion of BLT. The increased molecular oxygenation decreases
the demand of ambient air-entrainment and the decreased reactivity simultaneously in-
creases the time for mixture formation. An increase of the in-cylinder flow-field motion
decreases the amount of initial soot-formation for the other investigated fuels but does
not achieve a complete soot-formation inhibition. Therefore, it can be concluded that
alternative fuels provide a larger impact on in-cylinder soot-formation inhibition than the
modification of the flow-field motion.
The investigations of the flame temperature (and therefore soot-NOxtrade-off) have been
performed by a newly developed measurement technique called stereoscopic 3-color high-
speed ratio-pyrometry (S3P) (see chapter 6.5). This technique allows the quantification
of the surface-temperature, topology and emissivity of optically opaque flames with dou-
ble redundancy and spatial and temporal resolutions of 16Pixels/mm2 and 10kHz. The
results show that the overall surface temperature systematically increases with ambient
temperatures. It is assumed that this effect results from increased starting temperatures
and decreased thermal convection in the case of increased ambient temperatures. More-
over, the temperatures increase during flame burn-out, which could be due to decreasing
energy requirement for fuel evaporation during injector closing. However, it needs to be
mentioned that at least a part of this late temperature increase can be due to decreased
accuracy as the flames might become transparent during burn-out. The most important
observation of the S3P measurements is that the local surface temperature shows a close
causal dependency to the optical density of the flame. This effect can be explained by
two mechanisms. Firstly, the rich side of the diffusion flame can locally be diluted by hot
combustion products, which are entrained into the flame by diffusion and/or turbulent
convection. Secondly, the increased local temperatures and decreased optical density can
be caused by the oxidation of more amorphous soot particles formed in intermediate peri-
ods of major air-entrainment. The local flame-surface topology and therefore the contact
surface with the surrounding air does not influence the surface temperature significantly.
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9. Recommendation for following investigations
First of all, it is recommended to focus on the measures listed in figure 2.3. These in-
vestigations will provide new information to improve the understanding and to increase
the operating range in partially-premixed or soot-free operation. As this operation mode
might only require an oxidation catalyst for unburnt hydrocarbons and carbon monoxides,
the investment costs of the exhaust-gas after-treatment system could be decreased sig-
nificantly as soon as this operating mode can be applied to all operation points relevant
for the emission legislation.
Secondly, it is suggested to apply a multi-color pyrometry system to the OSCE test-bench
to investigate for example the effects of transient boundary conditions on the flame-
surface temperature development during common operation. However, the application
of a stereoscopic set-up in combination with the reciprocating ω-shaped piston-bowl will
result in challenging post-processing procedures. To decrease the complexity during the
first measurement campaigns, it is recommended to apply beam-splitters in-front of the
double-row adapter. Therefore, all flame projections are recorded from the same perspec-
tive, which causes a loss of the topological information but preserves the advantage of
precisely defined wavelengths. Furthermore, a procedure to quantify the soot depositions
at the piston bowl without detaching it needs to be developed.
Finally, it would be of great interest to perform additional measurements to prove or
disprove the assumptions that are included with the conceptional idea of turbulent air-
entrainment. Initial ideas for such measurements are for example HS-PIV in the spray
vicinity, HS-Raman spectroscopy within the partially premixed reaction zone or sampling
measurements at generic burner test-benches. The HS-PIV and HS-Raman measure-
ments at the real flame could be used to determine if the turbulent air-entrainment and
stoichiometry inside the premixed reaction zone fluctuate with time. The sampling mea-
surements at a steady-state burner could be used to investigate if modified air-entrainment
influences the initial soot morphology.
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Nomenclature
Abbreviations
°CA . . . . . . . . degree crank angle
ATDC . . . . . . after top dead center
BTDC . . . . . . before top dead center
CA50 . . . . . . . center of combustion
CCA . . . . . . . . cross correlation algorithm
CCD . . . . . . . . charge coupled device
CMOS . . . . . . complementary Metal Oxide Semiconductor
CS . . . . . . . . . crank shaft
DEHS . . . . . . di-ethyl-hexyl-sebacat
DOI . . . . . . . . duration of injection
EGR . . . . . . . . exhaust gas recirculation
EOI . . . . . . . . end of injection
EV . . . . . . . . . exhaust valve
FPD . . . . . . . . filling port deactivation
HPC . . . . . . . . high pressure chamber
HSMIE . . . . . high speed mie scatterlight
HSPIV . . . . . . high speed particle image velocimetry
HPC . . . . . . . . high pressure chamber
IMEP . . . . . . . indicated mean effective pressure
IV . . . . . . . . . . intake valve
IW . . . . . . . . . interrogation window
OH*-Shadow simultaneous high-speed visualization of
OH*-chemiluminescence and shadowgraphy
OH*-Vis . . . . simultaneous high-speed visualization of
OH*-chemiluminescence and soot-luminosity
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OSCE . . . . . . optically accessible single cylinder
diesel engine
PAH . . . . . . . . polycyclic aromatic hydrocarbons
PPRZ . . . . . . partially premixed reaction zone
S3P . . . . . . . . stereoscopic 3-color high-speed ratio pyrometry
SIRA . . . . . . . structural image recognition algorithm
SFZ . . . . . . . . soot formation zone
SOE . . . . . . . . start of energizing
SOI . . . . . . . . . start of injection
SPFZ . . . . . . . soot precursor formation zone
TDC . . . . . . . top dead center
TSCE . . . . . . thermodynamical single cylinder
diesel engine
Greek variables
α . . . . . . . . . . . °CA position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . deg
αI . . . . . . . . . . . injector flow coefficient . . . . . . . . . . . . . . . . . . . . -
 . . . . . . . . . . . . compression ratio . . . . . . . . . . . . . . . . . . . . . . . . . . -
GB . . . . . . . . . . emission coefficient . . . . . . . . . . . . . . . . . . . . . . . . -
λ . . . . . . . . . . . . air-fuel ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
λlight . . . . . . . . wavelength of light . . . . . . . . . . . . . . . . . . . . . . . . nm
ρchamber . . . . . . chamber gas density . . . . . . . . . . . . . . . . . . . . . . . kg/m
3
ρF . . . . . . . . . . . fuel density. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m
3
ρopt . . . . . . . . . optical density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . a.u.
σF . . . . . . . . . . fuel surface tension . . . . . . . . . . . . . . . . . . . . . . . N/m
τopt . . . . . . . . . optical transmission. . . . . . . . . . . . . . . . . . . . . . . . -
Φ . . . . . . . . . . . fuel-air ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
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Nomenclature
Latin variables
c . . . . . . . . . . . cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
dCA . . . . . . . . . crank angle degree resolution . . . . . . . . . . . . . . . . . . . . . . . . . deg
dd . . . . . . . . . . droplet diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
ddmax . . . . . . . maximum stable
droplet diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
di . . . . . . . . . . . inner window diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
dlighsheet . . . . . light-sheet thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
ds . . . . . . . . . . . local shift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . pixel
dt . . . . . . . . . . . time separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
Ekin . . . . . . . . . global specific kinetic energy . . . . . . . . . . . . . . . . . . . . . . . . . . m
2/s2
finj . . . . . . . . . . injection frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Hz
fpulse . . . . . . . . laser pulse frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kHz
frec . . . . . . . . . . recording frequency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kHz
Faero . . . . . . . . aerodynamic force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
Fsurf . . . . . . . . . surface tension force. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
I . . . . . . . . . . . . intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . counts
I1 . . . . . . . . . . . intensity inf first IW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . counts
Ical . . . . . . . . . . calculated intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . counts
Idet . . . . . . . . . . detected intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . counts
M . . . . . . . . . . . spectral blackbody radiance . . . . . . . . . . . . . . . . . . . . . . . . . . . W/mm2
M,N. . . . . . . . . interrogation window size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . pixel
nmot . . . . . . . . . engine speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rpm
p . . . . . . . . . . . . pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . bar
pchamber . . . . . chamber pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . bar
pRail . . . . . . . . . rail-pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . bar
recc . . . . . . . . . . swirl-center eccentricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . mm
Q . . . . . . . . . . . intensity ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
R . . . . . . . . . . . result of cross correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
RS3P . . . . . . . . result of S3P correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
RSIRA . . . . . . . . result of SIRA correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
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r . . . . . . . . . . . . axial distance between the flame surface and spray axis . -
s,t. . . . . . . . . . . interrogation window shift . . . . . . . . . . . . . . . . . . . . . . . . . . . . pixel
SN . . . . . . . . . . swirl-number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
ST . . . . . . . . . sum of surrounding tangential components . . . . . . . . . . . . m/s
T . . . . . . . . . . . temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Tchamber . . . . . chamber temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
TKE . . . . . . . . global specific turbulent kinetic energy . . . . . . . . . . . . . . . . m2/s2
TKErel . . . . . . . global specific relative turbulent kinetic energy . . . . . . . . . -
u,v . . . . . . . . . . cartesian vector components . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
u, v . . . . . . . . . cartesian vector component average . . . . . . . . . . . . . . . . . . . m/s
u’,v’ . . . . . . . . . cartesian vector components cyclic average deviation . . . m/s
−→v . . . . . . . . . . . flow-field vector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
v(x,y) . . . . . . . local velocity magnitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
vinj . . . . . . . . . . initial spray velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
vffr . . . . . . . . . . radial flowfield velocimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
vmax . . . . . . . . . maximum flow-field velocity m/s
V˙min . . . . . . . . . minimum air volume flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
3
n/h
We . . . . . . . . . . weber number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
Wecrit . . . . . . . critical weber number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
x,y . . . . . . . . . . cartesian coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . pixel
Constants
h . . . . . . . . . . . Planck’s constant. . . . . . . . . . . . . . . . . . . . . . . . . . 6.6260696e-34 J/s
c . . . . . . . . . . . speed of light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299792458 m/s
k . . . . . . . . . . . . Boltzmann’s constant . . . . . . . . . . . . . . . . . . . . . 1.38065e-23 J/K
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Nomenclature
Chemical components
CH2O . . . . . . . formaldeyhde
CO . . . . . . . . . . carbon-monoxide
CO2 . . . . . . . . . carbon-dioxide
CxHyOz . . . . . general hydrocarbon
C2H2 . . . . . . . . acetylene
C6H6 . . . . . . . . benzene
C7H14 . . . . . . . n-heptane
C8H18O . . . . . 1-octanol
C9H16O3 . . . . butyllevulinate
C10H22 . . . . . . n-decane
C10H22O . . . . 1-decanol
C14H30 . . . . . . n-teradecane
C26H50O4 . . . di-ethyl-hexyl-sebacat
HC . . . . . . . . . . hydrocarbons (unburnt)
H2O. . . . . . . . . water
H2O2 . . . . . . . . hydrogen peroxide
N2 . . . . . . . . . . nitrogen
NO. . . . . . . . . . nitrogen-monoxide
NO2 . . . . . . . . . nitrogen-dioxide
NOx . . . . . . . . . nitrogen-oxides
O2 . . . . . . . . . . oxygen
OH* . . . . . . . . exited Hydroxid
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10. Appendix
10.1 Results of the thermodynamical fuel investigations
The thermodynamical fuel investigations have been performed prior to the optical inves-
tigations by the team of Andreas Janssen [96]. The engine and fuel specifications are
given in table 5.1, 4.1 and 4.2. The fuel dependent operating conditions for n = 1500 rpm,
IMEP = 10 bar, ≈ 100 ppm NOx emission without pilot injection and without filling port
deactivation are given in table 7.3. In figure 10.1 the cyclic averaged in-cylinder pressure
traces and burnt mass fractions of the five investigated fuels are shown as a function of
°CA. It can be seen that the given operating conditions result in a constant position of
50% fuel conversion (CA50). Due to its low cetane-number, BLT is injected first. As a
result of the spray evaporation in absence of major fuel conversion, the pressure curve of
BLT deviates to minor pressures during late compression. The first significant pressure
increase is seen with n-decane due to its high cetane-number. However, this fuel provides
a minor conversion rate due its decreased mixture formation time.
-10 0 10 20 30
°CA ATDC
40
65
70
85
100
C
yl
in
d
er
p
re
ss
u
re
/
b
ar
-10 0 10 20 30
°CA ATDC
0
0.25
0.5
0.75
1
Const. CA50
HHY
B
u
rn
t
m
a
ss
fr
a
ct
io
n
/
-
Diesel
n-decane
n-heptane
1-decanol
BLT
Figure 10.1: Specific turbulent and specific relative turbulent kinetic energy as a function
of °CA for configurations with and without filling port deactivation
Figure 10.2 shows the corresponding EGR-rates, pollutant emissions and efficiency with
≈ 100 ppm engine-out NOxemissions. In comparison to diesel, 2 significant differences
can be seen. Firstly, n-decane requires less EGR due to achieve 100 ppm NOx. This is
caused by its impaired mixture formation, which results in decreased peak temperatures.
Due to the early conversion, this fuel provides minor HC and CO emissions but significant
amounts of particulates. These emissions in combination with the decreased conversion
rate result in a decreased efficiency in comparison to diesel.
123
10 Appendix
Secondly, the combustion of BLT demands a much higher EGR-rate to achieve 100 ppm
NOxdue to the increased mixture formation time and increased molecular oxygenation,
which results in more homogeneous combustion. Therefore, the combustion of diesel fuel
does not provide engine-out particle emissions, which is due to the inhibition of in-cylinder
soot-formation shown in chapter 7.3. Moreover, the increased mixture dilution results in
increased HC and CO emissions [142]. However, these emissions can be converted using a
common oxidation catalyst, which would simplify the exhaust-gas after-treatment system
but also include a decrease in overall efficiency.
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Figure 10.2: Engine-out pollutant emissions of the investigated operation point of
n = 1500 rpm, IMEP = 6.8 bar and ≈100 ppm NOx
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10.2 Additional results of the OH*-Shadow measurements
The following graphs show the OH*-Shadow results at the upper two operations in the
same layout as figure 7.6 to provide completeness. It is recalled that the experiments
shown in figure 7.6 and 10.3 only differ in terms of ambient pressure and therefore ambient
density.
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Figure 10.3: Hydrodynamical spray development of all fuels at the middle operation point
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As a result of this difference in ambient pressure, the complete spray is decelerated in
penetration velocity and the expansion of ignition is less prominent in case of increased
ambient density. Furthermore, the comparison to figure 7.6 shows increased cone angles
as a result of increased shear forces. Following Weber it is known that the maximum
stable droplet diameter during secondary spray break-up is determined by the aerodynamic
forces as a function of ambient gas density (see equation 2.3). Therefore, the second
operation point provides decreased liquid penetration lengths for all investigated fuels.
In consequence, liquid spray impingement can also be ruled out for upper operating
conditions. Due to the improved secondary spray break-up as well as enhanced turbulent
air entrainment, all fuels except 2-MTHF achieve ignitions within the given time window,
which can be explained by the stable circular structure of the 2-MTHF molecule (see
figure 4.1).
In addition, the hydrodynamical results of the OH*-shadow measurements at the full-load
related operation point are given in figure 10.4. Here, the comparison to figure 10.3 pro-
vides information about the temperature dependency as the second and third operation
point are (nearly) identical in ambient density (see table 7.1). Due to the comparable
density, the second and third operation point provide a fairly identical penetration be-
havior of the complete spray. However, the higher ambient temperatures of the full-load
operation point provide a faster ignition with all investigated fuels. As a result of the
decreased differences in ignition delay, the projection areas of the complete spray align.
Furthermore, the increased ambient temperatures provide more heat for fuel evaporation,
which results in decreased liquid penetration lengths and liquid projection areas. The
corresponding increase of the liquid cone angle is due to the significant decrease in liquid
penetration in comparison to the second operation point. However, the liquid cone angle
is still smaller than the cone angle of the complete spray, which shows that the assumption
of triangular projection areas is still feasible.
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10.3 Additional results of the S3P measurements
Figure 10.5 is given to illustrate the S3P signal developments of both investigated rail-
pressures in one graph. Here, the comparison between the dashed and solid lines of the
same color and (approximate) length shows the experiments with increased rail-pressure
provide a temporally faster increase of the detected temperatures. The corresponding
explanations of this effect are given on page 94.
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